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ABSTRACT
A  r e v i e w  i s  p r o v i d e d  o f  e a r l y  a t t e m p t s  a t  d e t e r m i n i n g  t h e  e l e m e n t a l  
c o m p o s i t i o n  o f  t h e  b o d y  b y  r a d i o a c t i v e  i s o t o p e  d i l u t i o n  t e c h n i q u e s .  T h e  
d e v e l o p m e n t  a n d  t h e  c u r r e n t  s t a t u s  o f  i n - v i v o  n e u t r o n  a c t i v a t i o n  a n a l y s i s  
i s  p r e s e n t e d  a n d  t h e  w a y s  i n  w h i c h  i t  s u p e r s e d e s  o r  s u p p l e m e n t s  c e r t a i n  
o f  t h e  f o r m e r  t e c h n i q u e s  i s  o u t l i n e d .
A  d e s c r i p t i o n  i s  g i v e n  o f  a n  i r r a d i a t i o n  f a c i l i t y  w h i c h  e m p l o y s  a  
5 C i  n e u t r o n  s o u r c e .  T h e  f a c i l i t y  w a s  d e s i g n e d  t o  b e  f l e x i b l e  a n d  i t  i s  
c a p a b l e  o f  p e r f o r m i n g  p r o m p t  a n d  d e l a y  y-ray  m e a s u r e m e n t s  a s  w e l l  a s  
c y c l i c  a c t i v a t i o n .
P e r s o n n e l  a n d  y~vay d e t e c t o r s  a r e  s h o w n  t o  b e  a d e q u a t e l y  s h i e l d e d  
f r o m  t h e  m i x e d  r a d i a t i o n  f i e l d  f r o m  t h e  s o u r c e .
T h e  u n i f o r m i t y  o f  t h e r m a l  n e u t r o n  f l u x  i n  a  p h a n t o m  i s  d e m o n s t r a t e d  
b y  f l u x  p r o f i l e s  o b t a i n e d  e x p e r i m e n t a l l y .
P r i n c i p l e s  a n d  t e c h n i q u e s  o f  d o s i m e t r y  a r e  g i v e n  a n d  t h e  r e l a t i o n s h i p  
b e t w e e n  r a d i a t i o n  q u a l i t y  a n d  r a d i o b i o l o g i c a l  e f f e c t  i s  e x a m i n e d .  T h e  
n e u t r o n  s p e c t r u m  a t  a  d e p t h  i n  t h e  p h a n t o m  h a s  b e e n  o b t a i n e d  b y  m e a n s  o f  
t h e  a c t i v i t i e s  i n d u c e d  i n  a  s e t  o f  t h r e s h o l d  d e t e c t o r s .
A n  e x a m i n a t i o n  i s  m a d e  o f  t h e  p o s s i b l e  a p p l i c a t i o n s  o f  t h e  M o n t e  C a r l o  
m e t h o d  t o  t h e  d e s i g n  o f  i r r a d i a t i o n  a n d  d e t e c t i o n  f a c i l i t i e s  a n d  i n  y i e l d i n g  
i n f o r m a t i o n  a b o u t  a r e a s  w h i c h  a r e  i n a c c e s s i b l e  t o  t h e  e x p e r i m e n t e r .
D e t e c t i o n  l i m i t s  f o r  t h e  b u l k  b o d y  e l e m e n t s  h a v e  b e e n  d e t e r m i n e d  b y  
m e a s u r e m e n t  o f  p r o m p t  a n d  d e l a y  g a m m a  r a y s  a n d  c y c l i c  a c t i v a t i o n .  D e t e c t i o n  
l i m i t s  a r e  a l s o  p r e s e n t e d  f o r  t r a c e  e l e m e n t s  u s i n g  c y c l i c  a c t i v a t i o n  a n d  p r o m p t  
g a m m a  r a y  a n a l y s i s .
I t  i s  s h o w n  t h a t  t h e  d e p t h  o f  a n  o r g a n  o r  r e g i o n  o f  t h e  b o d y  c a n  b e  
d e t e r m i n e d  f r o m  i n f o r m a t i o n  p r e s e n t  i n  a  p r o m p t  g a m m a  r a y  s p e c t r u m .  T h i s  
t e c h n i q u e  c a n  b e  u s e d  t o  c o r r e c t  m e a s u r e m e n t s  w h e n  i t  i s  k n o w n  t h a t  
a c t i v a t i o n  a n d  d e t e c t i o n  i s  n o n - u n i f o r m .
C o m p u t e d  t o m o g r a p h y  s c a n n i n g  o f f e r s  t h e  p o s s i b i l i t y  o f  d e t e r m i n i n g  
t h e  a m o u n t  o f  b o n e  m i n e r a l  p e r  u n i t  v o l u m e  o f  b o n e .  T h e  f e a s i b i l i t y  o f  
u s i n g  a  C . T .  w h o l e  b o d y  s c a n n e r  t o  m e a s u r e  b o n e  d e m i n e r a l i s a t i o n  i s  e x p l o r e d .
F i n a l l y ,  t h e  a d v a n t a g e s  a n d  p r o b l e m s  o f  e a c h  o f  t h e  t e c h n i q u e s  
m e n t i o n e d  a b o v e  i s  d i s c u s s e d  a n d  s u g g e s t i o n s  a r e  m a d e  f o r  f u r t h e r  w o r k .
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The measurement o f  various physica l  and chemical parameters v i t a l  to 
correct body function has long been standard p rac t ice  in medicine. Recent 
years have seen a quest f o r  knowledge of the elemental composition o f the 
l iv in g  body. The techniques used have been borrowed from the f i e l d  o f  
nuclear physics which concerns i t s e l f  w ith  the in ves t ig a t ion  of n o n - l iv in g  
m atter. A l iv in g  human being  i s ,  by very d e f in i t io n ,  composed of l i v in g  
matter and, when viewed pure ly  as a physico-chemical e n t i ty ,  possesses a 
staggering  degree of complexity p h y s ic a l ly ,  chemically and p h y s io lo g ic a l ly .  
There fore , i t  is  worth r e f l e c t in g  b r i e f l y  on the e s se n t ia l  physica l  
d if fe ren ce  between l i v in g  and n o n - l iv in g  matter and a lso  on the o r ig in  and 
nature o f the organism to be studied .
A l l  is o la te d  systems tend to change toward an increase  in atomic 
d iso rder  or entropy but l i f e  is  characterized  by an increase  in the degree  
o f  order. This does not imply that l i f e  v io la te s  the second law o f  thermo­
dynamics, which underlies  the un ive rsa l  d r ive  to d iso rd e r ,  but merely that 
i t s  open systems may, through lo c a l  p rocesses , run counter to the un ive rsa l  
schema.
Pala-:ontology encompasses a wide spectrum o f  b e l i e f s  on the manner in  
which the d i r e c t io n a l i t y  o f  the evo lutionary  process has a r isen .  On one 
extreme i t  is  explained through random mutations and d i f f e r e n t i a l  s e lec t io n  
of the su rv iv a l  o f  in d iv id u a ls  by a changing environment, and on the other  
hand the process is  assumed to be e n te lech a l .  Neverthe less there i s  agreement 
on the fa c t  that l i f e  a rose  JExom very simple origins,.and. has evolved in a 
stepwise manner over a long per iod  o f  time.
INTRODUCTION
A l l  l i f e  depends upon carbon compounds and these must have developed  
in great complexity be fo re  organic  evo lution  could begin . The o r ig in s  of  
l i f e  are a matter o f  conjecture but the l ib e ra t io n  o f  oxygen by p lants  
profoundly changed the l iv in g  conditions on earth. Oxygen became a d r iv in g  
evo lutionary  force through the development of re sp ira to ry  systems in  
c h lo ro p h y l l - f r e e  organisms. The en t ire  macroscopic evo lu tion  is  determined 
by subtle  changes in the molecules o f  p rote ins  and n u c le ic  ac id s .  P rote ins  
are composed of amino acid sub -un its  which are molecules o f  carbon, hydrogen, 
nitrogen  and oxygen. To make a p ro te in  the amino acids are formed into a 
chain linked by peptide bonds between the carbon and n itrogen  atoms of each 
constituent su b -un it .  The chain may include seve ra l  hundred such un its  and 
have a molecular weight of many tens o f thousands. The in c re d ib le  v a r ie ty  
of proteins that e x is t  are formed by permutations and combinations o f  only  
twenty d i f fe r e n t  amino ac id s .  P ro te in  synthesis is  under the contro l of  
ribo se  n uc le ic  acid found mainly in the cytoplasm and genet ic  information is  
transmitted v ia  deoxyribose nuc le ic  acid  found in the c e l l  nucleus. These 
giant macromolecules are composed o f  chains o f  n u c leo t ides ,  each 'nucleotide  
in  turn consis t ing  o f  a purine or pyrimidine base , a sugar and a phosphate 
group. The nucleotides are linked through hydrogen bonding o f the sugars and 
phosphate groups. Altough RNA and DNA use only four bases ,  u r a c i l ,  guanine, 
cytosine and adenine fo r  RNA and thyamine, guanine, cytosine and adenine fo r  
DNA, i t  is  now known that a three base t r i p l e t  codon enables synthesis o f  
a phenomenal v a r ie ty  o f  p ro te in s .
A c e l l  l iv e s  by break ing down fo o d s tu f fs  to provide energy and the 
m ater ia l fo r  fu rth er  growth, Adenosine triphosphate ; con s is t in g  o f  three  
phosphoric acid groups attached to organic  aden ine ,is  used almost u n iv e rsa l ly  
in l iv in g  c e l l s  as an energy bank. Each time a phosphoric acid  group is
taken o f f  about 7000 c a lo r ie s  of energy is  re leased  fo r  use and conversely  
energy is  stored by coupling o f  a phosphoric acid group.
Many p rote ins  function as enzymes, f a c i l i t a t i n g  reactions which without  
them would n e ithe r  proceed so f a s t  nor so s p e c i f i c a l l y  along a certa in  path­
way. In order to function  they may combine with a sim pler structure  termed 
a p ros th et ic  group or coenzyme. The sim plest coenzymes are s in g le  atoms 
o f various metals. Thus zinc i s  e s se n t ia l  fo r  a lk a l in e  phosphatase and 
carbonic anhydrase, copper fo r  cytochrome oxidase and ty ros inase ,  coba lt  
bound as V i t  B and molybdenum fo r  xanthine oxidase.
M u lt ic e l lu la r  organisms con tro l led  th e ir  environment through sequestra t ­
ion and use o f  potassium and sodium. Potassium and sodium are found almost 
e x c lu s iv e ly  in the i n t r a c e l lu l a r  and e x t r a - c e l lu l a r  f lu i d  re sp e c t iv e ly  and 
are instrumental in  c o n t ro l l in g  osmotic p ressu re , membrane perm eab ility  
and the action  p o ten t ia l  o f  nerves.
The evolution  of v e rteb rates  requ ired  that the organism took in calcium  
and phosphorus to form hydroxyapatite  to m inera lize  the ske leton . In order  
that a l l  c e l l s  in a la rge  organism rece ive  an adequate supply o f  oxygen fo r  
re s p i r a t io n ,c i r c u la t o ry  systems had evolved using iron  ions in the haemoglobin  
molecule to carry  the oxygen.
Man is  at the apex o f  the evo lutionary  tree and se v e ra l  elements other  
than those a lready mentioned are known to be e s se n t ia l  to h is  w e l l  be ing .  
Iodine is  incorporated  in  the thyroid  hormone thyroxine which p lays such 
an e s se n t ia l  ro le  in metabolism and i t  seems probable  that f lu o r in e  is  
e s se n t ia l  to proper bone formation. Manganese and selenium are gen era l ly  
held to be e s s e n t ia l  to man although the exact ro le  they p lay  is  s t i l l  
unclear .
As l i f e  evolved and became complex the organism became more 
and more independent o f  the ex terna l environment. Man's t issues  are 
protected by a true, in te rn a l  environment. The recogn it ion  o f  th is  
'm il ieu  in t e r ie u r '  or organic f lu i d  matrix is  gen era l ly  a t t r ibu ted  to 
Claude Bernhard ( C l . 78). As p h y s io lo g is t s  lea rn t  more about the f lu i d  
matrix of t issues i t  was discovered that complex co -ord inated  p h y s io lo g ica l  
reactions were responsib le  f o r  the p rec ise  regu la tion  and equ il ib r ium  of  
the in te rn a l  environment. Although the p rec ise  d e t a i ls  o f  many of these 
homeostatic mechanisms are not understood i t  has long been re a l iz e d  that a 
knowledge o f  various parameters r e la t in g  to the in te rn a l  environment would 
be in va luab le  to c l in ic ia n s .
Early  attempts to measure the amounts of sodium and ch lor ine  in the 
body and to ta l  body water used the technique o f  isotope d i lu t io n .  Radioactive  
t racer  stud ies  were a lso  employed to measure calcium turnover, iron  absorption  
and u t i l i z a t i o n  and to in v e s t ig a te  thyroid  d iso rd e rs .  Although very v a lu ab le ,  
one major drawback was the f a c t  that exchangeable f ra c t io n s  were measured 
ra ther than the to ta l  amount o f  the element present ' i n - v i v o ' .
In 1964 the f i r s t  in -v iv o  measurements of t o ta l  body sodium and ch lorine  
were made using the non -invas ive  technique o f  neutron a c t iv a t ion  ana ly s is  
(A n .64 ).  Since then the method has been developed by a number o f  research  
groups and i t  is  now p o s s ib le  to measure to ta l  body Na, C l ,  Ca, P, N, 0, H,
K and the to ta l  amount o f  iodine  in  the thyroid . The ra d ia t io n  dose received  
by the sub jec t  i s  acceptable  both from the point of view o f  somatic e f f e c t s  
and genetic  e f f e c t s .
-  x i v  -
To d a te , the necessary l im ita t io n  o f the dose rece ived  by the sub jec t  
has lim ited  the s e n s i t i v i t y  o f  the technique to measurement o f bu lk  body
elements, However, i t  i s  now p o s s ib le  to measure abnormal l i v e r  loads o f
I
the tox ic  trace element cadmium due to i t s  favourab le  nuc lear  p ro p e r t ie s .
I t  seems l ik e ly  that i t  w i l l  soon be p o s s ib le  to measure abnormal l i v e r  
loads of aluminium, iron  and copper as more becomes known o f  the e s s e n t ia l i t y  
o f trace elements more e f f o r t  w i l l  p robab ly  be made to measure accumulation  
o f these at s p e c i f i c  s i t e s .
The technique is  proving i t s  worth in the c l i n i c a l  management o f  
patien ts  w ith  metabolic  bone d ise a se ,  n u t r i t io n a l  d iso rders  and d isease  
sta tes  a f f e c t in g  e le c t ro ly t e  equ il ib r ium . Q uantitative  in form ation on body 
composition from normals and pa t ien ts  w ith  various d iso rders  is  being  
accumulated and i t  should form a firm  foundation for d iagnosis  and treatment.
CHAPTER 1
EARLY INVESTIGATIONS OF BODY COMPOSITION 
• 1 Body Pools and Compartments *
Early  attempts at an in  v ivo qu an t ita t iv e  ana lys is  of the body 
r e l ie d  upon is o to p e -d i lu t io n  techniques. The b a s ic  p r in c ip le  of rad ioact ive  
isotope d i lu t io n  is  simple. I t  depends on the fa c t  that i f  a rad ioact ive  
tracer  is  mixed with the corresponding un labe lled  compound, the amount of  
r a d io a c t iv ity  per gram of the substance w i l l  be reduced and a measurement 
of the reduction in  r a d io a c t iv i ty  per gram enables the amount of d i lu t in g  
m ateria l added to be c a lcu la ted .  The chemical id en t ity  o f  isotopes ensures 
that i f  a rad ioac t ive  isotope o f  an element is  introduced into a system 
the d is t r ib u t io n  o f ,  or changes in ,  r a d io a c t iv ity  is  a measure o f  the 
behaviour of that element in  the system.
The quantity  o f  t racer  introduced in to  a system must be small compared 
with the to ta l  amount in  the system under study. I f  th is i s  not so , and 
the added rad ioact ive  m ater ia l su b s ta n t ia l ly  increases the to ta l  quantity  
of the element in the system, then the balance of the system may be upset 
and the d is t r ib u t io n  or change in  r a d io a c t iv i ty  may not r e f l e c t  the true  
s i tu a t io n .  The rad ioact ive  m ater ia l  introduced into a system should there­
fo re  have a high s p e c i f i c  a c t iv i t y .
The tracer  must be f ree  from s ig n i f i c a n t  contamination with rad io ­
active  isotopes of other elements, free  from pyrogens and s t e r i l e .
In performing d i lu t io n  studies an id e a l  set of circumstances is  
assumed. These are , that the turnover ra te  o f  the mass to be measured is  
slow compared to the e q u i l ib r a t io n  time and fu rth er  that the t racer  must
-  2 -
be in equ ilib r ium  at any given moment and that i t  has reached a uniform  
s p e c i f ic  a c t iv i t y  at a l l  points w ith in  the mass to be measured.
I
1.1.1 Plasma Volume:
A ty p ica l  example of a c l i n i c a l  d i lu t io n  study is  that of plasma 
volume determination.
F i r s t  the thyroid gland is  blocked by adm inistration  o f s tab le  
iod ine . Then a 10 ml so lu t ion  o f  human serum albumin la b e l le d  with  
approximately 10 yCi 131I  is  in jec ted  into a ve in . A known volume o f  the 
same iodinated  human serum albumin so lu t io n ,  say 1 ml, is  d i lu ted  to 100 ml 
and acts as a standard.
Venous blood samples, each o f  approximately 10 ml, are taken at 
15, 30 and 45 minutes post in je c t io n .  The blood samples are centrifuged  
and 5 ml samples o f  plasma are p laced in to  counting tubes, A s im ila r  5 ml 
sample o f  the standard is  a lso  p laced in to  a counting tube.
The observed plasma ra d io a c t iv ity  le v e ls  are p lo t ted  on sem i-log  
graph paper aga inst  time and the r e su lt in g  s t ra igh t  l in e  extrapo lated  to 
zero time to obtain  the concentration o f  the tracer  be fo re  loss  from the 
vascu lar  bed has occurred. The slope of th is  l ine  ind ica tes  a ra te  of  
disappearance o f  6 to 10% per hour in  normal in d iv id u a ls .
The plasma volume can then be ca lcu la ted :
A c t iv i ty  per ml of the in jec ted  so lu t ion  = —
st
where e i s  the d e te c to r -e f f ic ie n c y
Ns t is  the count rate obtained from the standard
D is  the d i lu t io n  fa c to r
V i s  t h e  v o lu m e  o f  t h e  s t a n d a r d  c o u n t e ds t
eN D sThus a c t iv i t y  in jec ted  =    x volume in jec ted .
s t
Now assuming uniform s p e c i f i c  a c t i v i t y :
A c t iv i ty  in jec ted  A c t iv i ty  in sample
Plasma volume Sample volume
Thus, i f  dup licate  a liquo ts  are taken so that the volumes o f  sample and 
standard are equal:
N D s tPlasma volume = -r-—.-------  x volume in jec ted
 ^ s; t=0
where (Ng ) ^ is  the count rate  obtained from the sample at t = 0.
I t  is  in te re s t in g  to note that the f i r s t  attempt to measure plasma
volume by the d i lu t io n  technique was made over s ix ty  years ago using a 
red dye as a colour trace r  (Ke 15),
The red c e l l  volume can be ca lcu la ted  in a s im i la r  fash ion  using  
red c e l l s  l a b e l le d  with 51Cr. The r e l a t i v e l y  la rge  v a r ia t io n  in  body and 
venous haematocrit between pat ien ts  necess ita te s  separate and simultaneous 
measurement o f  plasma and red c e l l  volume. The p h y s io log ic  e f f e c t s  o f  
haemorrhage have been q u an t ita t iv e ly  estimated by these techniques.
1*1.2 Tota l body w a te r :
Tota l body water can be estimated by using t r i t i a t e d  water as the 
tracer  which can be assayed by l i q u id  s c in t i l l a t i o n  counting, In  the 
absence o f  abnormal f l u i d  re tention  equ il ib r ium  throughout the body water  
is  a tta ined  w ith in  e ight hours. The mass o f  to ta l  body water is  over­
estimated by about one percent due to the tr it ium  exchanging w ith  l a b i l e
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hydrogen ( i . e .  l i a b le  to displacement) in amino groups. A good c o r re la t ­
ion is  found between to ta l  body water measured using tr it ium  and that 
predicted  from height and weight (Hu 71).
I
E x t r a c e l lu la r  and in t r a c e l lu l a r  water are estimated to comprise 
fo r ty  f iv e  and f i f t y  f iv e  percent re sp ec t iv e ly  o f  the to t a l  body water .
Assuming that ch lo r ide  is  e n t i r e ly  e x t r a c e l lu la r ,  an estimate o f  the 
e x t r a c e l lu la r  water could be obtained by c a lc u la t in g  the ch lor ide  space 
but no su ita b le  isotope of ch lor ine  e x is ts  fo r  th is  study. Thus 82Br is  
used which is  known to have a s im i la r  d i lu t io n  volume to ch lo r id e .  The 
apparent bromide space has to be corrected  due to the concentration in  
plasma being less  than the mean concentration in e x t r a c e l lu la r  water and 
a lso  because 82Br penetrates in to  the red c e l l  mass to a small degree.
Studies w ith  82Br have demonstrated rap id  post operative  changes in  ex tra ­
c e l lu l a r  water, I n t r a c e l lu la r  water i s  ca lcu lated  as the d i f fe ren ce  between 
to ta l  body and e x t r a c e l lu la r  water.
Exchangeable sodium and ch lor ine
The amount o f  exchangeable e le c t ro ly te s  present in  the body can a lso  
be determined by d i lu t io n  techniques. To measure exchangeable sodium, 2ifNa 
Cl is  used as the t race r .  E q u i l ib ra t io n  i s  normally complete w ith in  e ighteen  
hours in the normal sub ject  and the volume of the exchangeable sodium space 
can be ca lcu lated  by assaying a plasma or urine sample in the manner 
described p rev iou s ly .  I t  i s  necessary to assay a l l  urine passed since the 
adm inistration  o f the t racer  to correct  f o r  a c t iv i t y  l o s t  from the sodium 
space, Then the sodium concentration in  the sample i s  determined by flame 
photometry and the exchangeable sodium ca lcu la ted  from the fo l low in g  
r e la t i o n s h ip :
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________ Total exchangeable sodium_____________ Amount o f  sodium in  the sample
Volume o f  the exchangeable sodium space Volume o f  the sample
Exchangeable ch lo r ide  i s  measured in an analogous I manner using 82Br 
as the t racer .  I t  is  important to use a serum sample and not a urine  
sample as urinary excretion  o f bromide and ch lor ide  are d i f f e r e n t .  As with  
sodium, changes in to ta l  body ch lor ide  are a f fe c ted  by i l ln e s s  when the 
movement of l iq u id  and e le c t ro ly te s  into  the in te s t in e  may double or t r i p l e  
the amount o f  ch loride  normally there.
1.2 Total Body Potassium:
S im i la r ly  the exchangeable potassium can be measured using 42K as the 
t race r  in the form of KC1. However the potassium in the body contains 
approximately 0.01% o f  the natu ra l  rad io isotope  ^°K which emits 3 
p a r t ic le s  and y -ray s  o f  1.46 MeV. These gamma rays can be detected  
e x te rn a l ly  using a w e l l  sh ie lded  whole-body rad ia t ion  counter. A f u l l  
discussion  of the design considerations o f  whole-body counters i s  g iven in  
section  2.12. The observed counting -rate  can be re la te d  to the to ta l  
body content o f  potassium. There is  a v a r ia t io n  in the counting rate  per  
gramme of potassium between sub jects  due to the v a r ia t io n  in  body h ab itu s .  
However, a whole body counter can be accurate ly  c a l ib ra te d  fo r  any sub jec t  
by administering a small o ra l  or intravenous dose o f  1+2K (Bu 53) as an 
in te rn a l  standard. This isotope  emits a y -ray  o f  1.52 MeV which being  
s im i la r  in  energy to that emitted by lf0K su f fe r s  e s s e n t ia l ly  the same 
amount o f  absorption  and s ca t te r in g  in the body and i s  detected with s im i la r  
p ro b a b i l i t y .  Approximately f i f t e e n  hours a f t e r  adm inistration  the d i s t r ib u t ­
ion o f 42k in the body is  very s im i la r  to that o f  n a tu ra l  potassium (De 63 ),
Then by comparing the count rates obtained from an a liqu o t  o f  the administered  
42K in  a phantom and the sub ject  a c a l ib r a t io n  fa c to r  can be derived  which 
r e la te s  **2K counting rate  to the mass o f  potassium in  the body. Boddy
examined the sources o f  e r ro r  in a c a l ib r a t io n  study in vo lv in g  healthy  
vo lunteers . E rrors  associated  with r e p ro d u c ib i l i t y  o f  the counting  
geometry and s t a b i l i t y  o f  the counting -rates  o f  standards and background 
were considered in add it ion  to the in te rsu b je c t  v a r ia t io n  of body hab itus .  
I t  was concluded that when is  administered to the sub jec t  as an 
in te rn a l  standard the estimated standard e r ro r  fo r  the procedure is  2.7% 
fo r  a sub ject  with 140 g o f potassium and when a c a l ib r a t io n  fa c to r  i s  
obtained from a derived regress ion  equation re la t in g  this fa c to r  to the 
s u b je c t ’ s weight and height, the estimated standard e r ro r  i s  3.9%. This 
l a t t e r  technique has the advantage that the pa t ien t  receives no rad ia t ion  
dose . (Bo 71). Using 43k , which has a longer h a l f - l i f e  than 42k , Boddy 
was ab le  to measure the exchangeable potassium up to s ix ty  fou r  hours 
a f t e r  adm in istration . In a study invo lv ing  patients w ith  chronic renal  
f a i l u r e  the exchangeable body potassium was compared w ith to ta l  body 
potassium determined by whole body counting. The exchangeable body 
potassium, expressed as a percentage o f the to ta l  body potassium (mean ± s 
of the mean), gave va lues o f  60.7 ± 3,3%, 83,6 ± 2.7% and 85.9 ± 2,7% at  
24, 48 and 64 hours re sp e c t iv e ly .  I t  was concluded that equ il ib r ium  
between rad ioac t ive  and nat ive  potassium is  incomplete a f t e r  24 hours and 
furthermore, that since the value at 64 hours is  s i g n i f i c a n t ly  less  than 
that found in  healthy su b je c ts ,  i t  i s  p robab le  that the exchangeable  
potassium is  a sm aller f r a c t io n  o f  the to ta l  body potassium in pat ien ts  
with chronic rena l f a i lu r e  (Boddy 72a) , In the estimation o f exchangeable  
potassium, i t  must be remembered that in a v a r ie ty  o f  c l i n i c a l  s i tu a t ion s  
potassium may not enter compartments w ith  which i t  normally e q u i l ib r a t e s .  
Thus, in some m etabolic  s t a te s ,  such as a c id o s is ,  potassium w i l l  leak out 
of the c e l l s  and a rad ioac t ive  t racer  dose o f  4%  w i l l  not enter the c e l l s
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Furthermore, when there is  a s i g n i f i c a n t  reduction in  muscle mass, as in  
muscular dystrophy, exchangeable potassium w i l l  be reduced since there 
i s  no compartment to accept the t race r  (B a .65 ),
I
Since body potassium is  la r g e ly  confined to the f a t - f r e e  body a 
measurement o f  to ta l  body potassium a llows an estimate to be made o f  the 
lean body mass. Womersley estimated the f a t - f r e e  mass o f  healthy male and 
female subjects from measurement o f  i )  height and weight, i i )  sk in fo ld  thickness 
i i i )  body density and iv )  t o ta l  body potassium. The mean FFM fo r  males was 
s im i la r  as ca lcu lated  by a l l  methods with  agreement le s s  good fo r  the females. 
The mean value of potassium per un it  mass o f  FFM was 66.4 m Eq/Kg FFM fo r  males 
and 59.7 m Eq/Kg FFM for. females and i t  was conjectured that th is  may be 
due to females having a sm aller muscle mass than males (Wo. 72). Burlcinshaw 
measured three a th le tes  o f in te rn a t io n a l  status and found potassium  
concentrations o f  70.3, 70. and 60.4 m Eq/Kg FFM re sp e c t iv e ly  and suggested  
that the high potassium le v e ls  were due to the sub jects  taking re gu la r  
exerc ise  (Bu 73). This f in d in g  was substantiated  in  a study on p ro fe ss io n a l  
f o o t b a l le r s  (Bo 74a). Palmer measured the 40K content of the upper legs  in  
sub jects  whose in ju red  legs  had been in a cast fo r  s ix  weeks or more. As 
the sub jects began using the le g  again the lt0K content increased as the 
muscle t is sue  was rep laced  and a 25% increase in ^ K  content in  s ix  months 
was ty p ica l  fo r  normal recovery. Total body potassium has been measured 
in  a number of d isease  s t a te s ;  in  ch ild ren  with co e liac  d isease  (Bo 75a), in  
d ia ly sed  and non -d ia lysed  pat ien ts  with chronic renal f a i l u r e  (Bo 72b) and 
in  d iab e t ic  sub jects  (Bo 76a). This l a t t e r  study used a regress ion  r e la t io n  
between to ta l  body potassium and to ta l  erythrocyte potassium in  normal 
sub jects  to p red ic t  the t o ta l  body potassium in d iabe t ic  pat ien ts  and found 
that the pred icted  values were in  reasonable  agreement with  va lues obtained '
by whole body counting, I t  seems p o s s ib le  that i f  th is  good c o r re la t io n
ex is ts  between to ta l  red b lood c e l l  potassium and to ta l  body potassium  
in more acute c l i n i c a l  cond it ions , then th is  method of ana lys is  could 
f in d  more general app l ic a t ion  as there would be no need, f o r  recourse to 
a whole body counter.
1.3 L im itations o f  the Isotope D i lu t io n  Technique:
Despite the wealth  o f  c l i n i c a l l y  u se fu l  data which has been obtained, 
the l im ita t io n s  o f  the isotope d i lu t io n  technique must be taken into  
account. The id e a l  se t  o f  circumstances which are p re re q u is it e  f o r  the 
technique never pe r ta in  in p ra c t ic e .  I t  is  assumed that the tracer  is  
uniformly d is t r ib u te d  in the compartment which i t  is  supposed to enter but  
this is  not always the case. M etabo lic  a c t iv i t y  o f  the c e l l s  controls the 
transport across c e l l  membranes and so the t race r  may d i f fu s e  at d i f f e r e n t  
rates in to  d i f f e r e n t  t issues  and o f  course the converse i s  true fo r  
e lim ination  o f  the tracer  a f t e r  e q u i l ib r a t io n .  Thus, fo r  example, sodium 
i s  present in various concentrations in  various compartments so the sodium 
space i s  not a w e l l  defined concept.
In p rac t ice  equ il ib r ium  may not have been reached at the time o f  
sampling as discovered in the potassium study mentioned e a r l i e r  and a lso  
the b io lo g i c  h a l f - l i f e  has been shown to vary with d ie t .
In add it ion  to urinary  excretion  there may a lso  be lo ss  through the 
g a s t ro in te s t in a l  t ra c t  and sweat and t race r  concentrations may vary in  
serum, urine and s a l i v a .
Exce llen t  reviews o f  the advantages and disadvantages o f  s t a t i c  
d i lu t io n  studies are given by Moore (Mo 67) and Bat/er (Ba 73).
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This d iscussion  i s  l im ited  to the methods used to determine the 
elemental composition o f a human body. Therefore an expos it ion  o f  the 
many rad ioact ive  tracer  techniques used in  nuclear medicine fo r  examining 
organ function , in v e s t ig a t in g  biochemical pathways-of synthesis and degrad­
ation and assaying hormonal and non-hormonal substances i s  not re levan t .  
However,it is  worth ou t l in in g  rad io ac t iv e  tracer  s tud ies ,  o f  elements 
o f  v i t a l  importance in  human physio logy , which do not s t r i c t l y  be long to 
the c la ss  o f  s t a t i c  isotope d i lu t io n  techniques.
The c la s s ic a l  method o f  estim ating  the absorption o f  a substance  
from the g a s t r o - in t e s t in a l  t ra c t  is  to measure chemically the to ta l  amount 
o f  the substance taken in with food and drink and measuring the amounts 
excreted in the faeces and u rine . Not only i s  this a time consuming, and 
unpleasant procedure, but the in te rp re ta t io n  of the r e su lt s  is  often  
d i f f i c u l t  due to unknown proportions o f  absorbed m ater ia l be ing  excreted  
back in to  the g a s t ro ^ in te s t in a l  t ra c t  through the b i l e .  The use o f rad io ­
active  tracers  can overcome many o f these problems and can g rea t ly  s im p lify  
stud ies o f  absorption and excretion .
There are three main methods fo r  absorption  stud ies in man using  
rad ioac t ive  t ra ce rs :
a) Faecal r a d io a c t iv i ty  method.
b )  Double rad io isotope  method.
c) Whole body counting.
The absorption o f  an element from the g a s t r o - in t e s t in a l  t ra c t  can 
a lso  be studied by adm inistration  o f  enriched s tab le  isotope  fo llowed
1 • 4  T u r n o v e r  and K i n e t i c  S t u d i e s :
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by instrumental neutron ac t iv a t ion  ana lys is  of the excreted m ater ia l  
(Ho.77)* However th is  technique has not found general app lica t ion .
1.4.1 Faecal r a d io a c t iv i ty  method: *
Net absorption can be measured with reasonable accuracy by quan t ita t ­
ive  c o l le c t io n  o f  faeces over a per iod  o f  t im e ,typ ic a l ly  ten days, 
fo l low in g  an o ra l  dose o f  the t ra ce r ,  A fa e ca l  marker, a substance which is  
completely non-absorb a b le , such as 51cr 0 , should be used to monitor fo r  
completeness o f  c o l le c t io n .  This method has been used to measure calcium  
( ^ 7Ca or tt5Ca) , iron  ( 59Fe) , vitamin ( 58Co- v i t .  and ^at
t r i o l i n )  absorption in man. Thus, Absorption  = (100 -  % dose in faeces)% .
1.4.2 Double rad io isotope  method:
This method is  more accurate than the faeca l  r a d io a c t iv i ty  method as 
i t  takes into  account the endogenous fa e c a l  excretion  of the absorbed  
m ater ia l .  Two rad io iso topes  o f  the same elements are used in  this method, 
one i s  administered o r a l ly  and the other in travenously  in  such a manner 
that they reach the b lood at approximately the same time.
For example, to measure calcium absorption  approximately^ 10 yCi tf5Ca 
is  given o r a l ly  w ith  c a r r ie r  and two hours l a t e r  approximately 10 yCi o f  
^7Ca is  given in travenously . About th i r ty  hours l a t e r  a s in g le  urine or 
plasma sample i s  measured and the absorbed calcium in percent o f  dose is  
then given by:
„ , , , , Fraction  o f  o ra l  dose in  urinePercent of dose absorbed = Fraction  o f intravenous dose in urine
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The double tracer  method can be app lied  to the measurement o f  iron  
absorption  using 59Fe and 55Fe, However} u rinary  excretion  o f iron  is  
very low so measurements must be made on b lood  samples taken ten days 
a f t e r  the adm inistration  o f  the dose. The disadvantage o f  the double  
tracer  method fo r  calcium and iron  i s  that the only su ita b le  p a irs  o f  
isotopes a v a i la b le  n ecess ita te  the measurement of weak be ta  a c t i v i t y  in  
the presence o f  gamma rays ,
1.4.3  Who1e body countin g :
The retention  of r a d io a c t iv i t y  in  the body fo l lo w in g  an o r a l  dose 
o f a rad io ac t iv e  tracer  can be measured by whole body counting over a 
period  up to about ten days. This g ives  a good measure o f  absorption  fo r  
any substance which can be l a b e l l e d  with a su ita b le  gamma em itting rad io ­
iso tope , For example, in  iron  absorption  stud ies the p a t ien t  i s  counted 
three hours a f t e r  adm in istration  o f a dose o f  59Fe~ferrous c i t r a t e  to 
ensure that d is t r ib u t io n  has reached a constant s t a te .  This count, 
corrected  f o r  background, i s  compared w ith  one obtained ten days ' la te r  and 
a f t e r  allowance f o r  decay the f r a c t io n  o f  the dose absorbed can be 
ca lcu la ted .
1.4 .4  Iron  tu m o v e r :
The metabolism o f  iron  in  the human body i s  not f u l l y  understood but  
rad ioac t iv e  trace r  stud ies have contributed  to a knowledge o f  i ro n  turn­
over in hea lth  and d isea se .  Approximately 2300 mg in the form of haemo­
g lob in  is  found in  the c i r c u la t in g  e ry th rocy tes ,  1000 mg in  the form o f  
f e r r i t i n  in  the l i v e r ,  sp leen  and bone marrow, 100 mg as myoglobin in  
muscle t is sue  with sm aller amounts as t r a n s fe r r in  (4 mg) in  the b lood  
plasma and as enzyme iron  (25 mg) in  a l l  c e l l s  (Ga 67 ). I t  i s  known that  
iron  i s  e s se n t ia l  f o r  e ry th ro po ie s is  and fo r  the function  o f c e rta in  enzymes 
and c o - f a c to r s .  Although iron  bound to t r a n s fe r r in  comprises le s s  than
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0.1% of to ta l  body iron , a l l  the iron  transported from one s i t e  to 
another passes through the plasma p oo l.  In normal sub jects  the plasma 
iron pool is  renewed about twelve times d a i ly  and since^most o f  the iron  
leav ing  the plasma is  destined fo r  haemoglobin synthesis a measure of  
plasma iron  turnover g ives an in d ire c t  measure o f  e ry th ro po ie t ic  a c t iv i t y .  
The plasma iron  turnover can be studied  by intravenous adm inistration  of  
59Fe bound to t r a n s fe r r in .  Sequentia l measurement o f  b lood samples enab le  
the "h a lf -d isap p ea ran ce "  time o f  59Fe to be ca lcu la ted . Despite the fa c t  
that as many as three components can be observed in the disappearance  
curve and measurements of disappearance over ju s t  a few hours system atica l ly  
overestimate plasma iron  turnover, neverthe less  estimates can be c l i n i c a l l y  
u se fu l .  This is  due to plasma iron  turnover rates in creas in g  seve ra l  fo ld  
in conditions o f  h yperp las ia  o f  bone marrow and conversely decreasing in  
hypop lastic  conditions.
S im ila r ly  the uptake of 59Fe by red c e l l s  can be measured. Approxi­
mately twenty four hours a f t e r  in je c t io n  r a d io a c t iv ity  begins to appear in  
the c irc u la t in g  red c e l l s  as the r e s u l t  o f the emergence o f  c e l l s  which 
incorporate 59Fe fo r  haemoglobin synthesis at a la te  stage o f  the ir  
maturation in  the bone marrow. The steepest  increase in  ra d io a c t iv i ty  is  
observed on the th ird  day w ith  the emergence o f  c e l l s  l a b e l l e d  at the 
intermediate normoblast stage  when haemoglobin synthesis is  at i t s  height.  
The red c e l l  uptake curve i s  important in c l i n i c a l  d iagn os is .  For example, 
in  pern ic ious anemia only 20-40% o f  the 59Fe in jec ted  appears in  the red 
c e l l s .
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Radioactive tracer procedures have elucidated iodine k in e t ic s  and 
thyroid dysfunction. Iod ide  in the plasma is  e ith e r  taken up by the 
thyroid or excreted in the u rine . The thyroid f i r s t  traps the iodide  
and then converts i t  to organic iodine by incorporation in  monoiodo- 
tyrosine or d i io d o ty ro s in e . These, in  turn, combine to form the thyroid  
hormones tr i iodothyron ine  (T 3) and thyroxine ( T ^ ) . The T3 and are 
secreted by the thyroid into  the c i rc u la t io n ,  In the plasma approximately  
10% o f  T^ is  associated  with thyroxine binding pre-album in, 60% is  bound 
to thyroxine b ind ing  g lo b u l in  (TBG) and 30% to serum albumin, T3 is  
bound p r im ari ly  to TBG and to a le s se r  extent to albumin although the 
binding i s  less  strong than that o f  T^. Most o f the c i r c u la t in g  hormone 
i s  degraded in the t is sue  c e l l s  and the re s t  i s  excreted. The iodide  
re leased  as a degradation product is  f ree  to repeat the cyc le .  Many 
fac to rs  are involved in the various conversion processes but the most 
important re gu la to r  is  th y ro id -s t im u lat ing  hormone (TSI-I) . The TSH is  
re leased  by the p i tu i t a r y  and contro ls  the rate  o f  iodine uptake by the 
thyroid and the rate  o f  hormone sec re t ion .  Production of TSH is  i t s e l f  
con tro l led  by the le v e l  o f  thyroid  hormone in  the plasma and so a negative  
feedback loop is  thus e s tab l ish ed  fo r  homeostasis (Be 67).
Radioactive tracer  tests  o f  thyroid  function are based on the 
measurement o f  parameters r e la t in g  to thyroid  hormone le v e ls  in blood  
plasma. The tests  do not requ ire  any rad ioact ive  m ater ia l to be given to 
the pat ien t  and so they are su ita b le  fo r  use in  ch ild ren  and pregnant 
women. They f a l l  into two main c a tego r ie s .  In  the f i r s t  kind o f  te s t ,  T^ 
in the sample competes with 125I  l a b e l le d  T^ fo r  a s p e c i f i c  number of
1 . 4 . 5  I o d i n e  k i n e t i c s :
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binding s i t e s  on thyroxine b ind ing  g lo b u l in .  Two standards o f  serum 
are provided containing known concentrations o f  thyroxine which are used 
to provide a c a l ib r a t io n .  The serum T^ is  f i r s t  re lea sed  from the p rote in  
end form and the p ro te in  is  cen tr ifuged  and removed. The proportion  of  
125I~T4 taken up by the TBG is  obv ious ly  in verse ly  re la te d  to the concentration  
of non -rad ioact ive  T^ p resent. Thus, the unbound thyroxine is  p re c ip ita te d  
out and the bound 125I - T 4 counted which a llow s the le v e l  o f  T^ in the plasma 
to be estimated from the c a l ib r a t io n  l in e  obtained with the standards. In  
a s im i la r  test  131I - T 3 is  adsorbed on to an ion-exchange re s in .  The second 
technique employed is  that of radioimmunoassay or sa tu rat ion  an a ly s is .  This 
technique was f i r s t  reported in 1960 when Ekins described  a method fo r  the 
assay o f serum thyroxine (Elc 59 ).  The genera l p r in c ip le  of th is  method is  
that the substance to be measured (A ) ,  l a b e l le d  with rad io ac t ive  t race r  
is  a llowed to react w ith  another substance (B) which has a l im ited  a f f i n i t y  
f o r  (A) so that (B) becomes saturated  w ith  ( A ) . Then i f  the unbound (A ) 
and the (A) bound to (B) are separated th e i r  r a t io  i s  a function  o f the to ta l  
amount o f A in  the system, An unknown amount of A may be measured by 
comparing the bound/free r a t io  with the r a t io s  determined in the same system 
when d i f f e r e n t  known amounts of P are added.
Standard texts supply fu r th e r  d e t a i l s  o f  the way in which rad ioac t ive  
tracer  techniques can be used to obtain  information on elemental composition  
in -v iv o  (Be 71, S 68, So 75, Be 69 ).
IN-VIVO NEUTRON ACTIVATION ANALYSIS (
2.1 The F i r s t  Measurements by In -v ivo  Neutron Act iva t ion  Analysis
The amount of 24Na induced in  the human body, by the slow neutron  
capture reaction  23Na ( n , y ) 24Na, had been used as a measure o f  acc identa l  
neutron exposure (Hu 59, Hu 61 ). I t  occurred to Anderson et a l .  that,  
converse ly , i f  a person rece ives  a known or c a l ib ra te d  neutron exposure 
the amount o f  24Na induced can be used as a measure o f  the to ta l  body 
content of sodium. A c a l ib r a t io n  fa c to r  can be obtained by i r r a d ia t in g  
and counting a phantom under s im i la r  conditions. The f i e l d  o f in -v iv o  
neutron ac t iv a t ion  ana lys is  can be traced back to the p ioneering  paper 
by Anderson et  a l .  pub lished  in the Lancet in  1964 (An 64 ).
The sub jects  o f  the study were two healthy men aged 43 and 46. In  
order to obtain  accurate re su lt s  i t  i s  necessary that the product' of  
p ro b a b i l i t y  of ac t iva t ion  and p ro b a b i l i t y  o f  detection o f  the emitted y -rays  
should be constant throughout the body. The work o f Smith (Sm 62a) and 
Smith and Boot (Sm 62b) showed that uniform ity o f  a c t iv a t ion  throughout 
the body could not be achieved by a s in g le  exposure, whatever the energy 
of the neutrons used. There fo re , the experimenters achieved approximate 
uniformity o f  ac t ivat ion  fo r  sodium by a b i l a t e r a l  i r r a d ia t io n  of the 
sub ject w ith  14 MeV neutrons using 3 cm o f polyethylene as a premoderator.
A f t e r  measurement o f  h is background body r a d io a c t iv i t y ,  each sub jec t  
was la id  supine on a curved couch enclosed in polyethylene sheet 3 cm thick, 
about 1.1 m from the ta rget  o f  a Coclccroft-Walton neutron generator.
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Polyethylene b o t t le s  f i l l e d  w ith  water were placed beside  h is  legs  to 
reduce lo ss  of slow neutrons, and sheets o f  polyethylene, 3 cm th ick,
were placed over him to moderate the f a s t  neutrons. A dose o f  approx i-
I
mately 5 x 10“ 4 Gy was d e l iv e red  to the skin su rface  of the sub jec t ;  
he was then turned over and given a fu rth er  5 x 1(54 Qy  ^ Assuming a
q u a l i ty  fa c to r  o f  10 (ICRP 1963) fo r  the neutrons th is  amounted to a
- i c . . .
to ta l  body dose to the sub ject  o f  10:-'jv. The r a d io a c t iv i t y  induced in  
the sub ject  was subsequently measured in  a whole-body counter fo r  about 
35 minutes.
The background spectrum determined be fo re  i r r a d ia t io n  showed the
ch a ra c te r is t ic  peaks due to n a tu ra l ly  rad ioac t ive  40r  (1,46 MeV) and
137Cs (0.66 MeV), a rad io iso tope  from f a l l o u t .  In the spectrum determined
a f t e r  i r r a d ia t io n  f iv e  ad d it ion a l  prominent peaks were observed at 0.51,
1.38, 1.64, 2.15 and 2.76 MeV. The 0.511 MeV an n ih i la t ion  ra d ia t io n  a r is e s
from the pos itron  decay o f  13N ( ti = 10m); a product of the f a s t  reac t ion
2
14N (n ,2 n )13N on the s tab le  n itrogen  o f the body. The peaks at 1.38 and
2.76 MeV are those o f 24Na(xi = I5h) produced by the slow neutron capture
2
reaction  23N a (n ,y )24Na, wh ile  those at 1.64 and 2.15 MeV are due to
38C1 (ti = 37.3m) produced by the slow neutron capture reac t ion  37C1 ( n , y ) 38C1. 
2
A much le s s  obvious peak was observed at 3.1 MeV and was a tt r ib u ted  to
49Ca(T, = 8,8m) produced by thermal neutron capture in s t ab le  calcium,
2
48Ca(n,y)49Ca, as there were no traces  o f  th is  peak in  the spectra  measured 
4-5 hours a f t e r  i r r a d ia t io n .
A 68 Kg phantom con s is t in g  of the .polyethylene ve sse ls  was used to 
c a l ib r a t e  the whole body counter. It was i r r a d ia te d  and counted in  the same 
manner as the sub jec t .  I t  contained 59 l i t r e s  o f  a so lu t ion  o f sodium 
ch lor ide  and sodium n i t r a t e ,  corresponding to 105 g of sodium and 105 g o f  
ch lo r ine ; the values given fo r  the t o ta l  body content o f  these elements by
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the In ternat iona l Commission on R ad io lo g ica l  P rotection  in  a 70 Kg 
standard man (ICRP 59 ).
Twenty four hours l a t e r  the s u b je c t ’ s exchangeable sodium and 
chorine were measured by isotope d i lu t io n .  I t  was concluded that there  
was l i t t l e  d i f fe ren ce  between the t o ta l  sodium as determined by ac t iv a t ion  
ana lys is  in -v iv o  and the exchangeable sodium as determined by isotope  
d i lu t io n .  However, the va lues obtained, 73 and 74 g normalized to a 70 Kg 
standard man, were much lower than that suggested by the ICRP. The 
authors there fo re  suggested a re ap p ra isa l  o f neutron doses from acc identa l  
exposure which had been ca lcu la ted  from measurements o f  the s p e c i f ic  
a c t i v i t y  o f  induced 2lfNa in plasma.
The normalized va lues o f  t o t a l  body ch lor ine , fo r  the two su b jec ts ,
90 g and 70 g, were a lso  much lower than the values recommended by the 
ICRP fo r  to ta l  body ch lorine  o f  re fe rence  man.
Because the i r r a d ia te d  phantom contained no calcium to serve as a 
standard, the calcium content o f  each sub ject  has to be derived by 
comparison with the sodium content and the measured a c t i v i t y  o f  the induced 
2tfNa. Despite the e rro rs  introduced by th is  method o f c a lc u la t io n  and 
those due to poor counting s t a t i s t i c s ,  the value fo r  t o ta l  body calcium was 
in  reasonable  agreement w ith  that given by the ICRP.
Although much progress has been made in the f i e l d  o f  IVNAA since the 
p ub lica t ion  of th is  germinal work i t  i s  gen era l ly  recognized that i t  l a id  
the framework fo r  future  in v e s t ig a to rs ,
Anderson et a l .  made the fu rth er  suggestion that the f a s t  neutron  
reactions 31P (n , y )28A l and ll+N (n ,2n ) 13N might a lso  be used. In the case of
-  18 -
the l a t t e r  reaction  i t  would be necessary to a llow  fo r  contribut ions  
from other short l iv e d  pos itron  em itters produced by f a s t  neutron
reactions in the body, e .g .  39K (n ,2 n )38mK(T, = 7.7 m) (An 67).
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2.2 P o ss ib le  Systematic E rrors  Associated  w ith  the Technique:
Battye et a l .  examined the systematic e rro rs  inherent in  performing  
whole-body ac t iv a t ion  using 14 MeV incident neutrons (Ba 67, Ba 71). These 
e rro rs  are:
a) Non-uniformity of a c t iv a t io n  f lu x  in  the sub ject during i r r a d ia t io n .
b ) Non-uniform s e n s i t i v i t y  o f  detection  during counting.
c) Decay of sh o r t - l iv e d  a c t i v i t y  induced during the f i r s t  h a l f  o f  the 
b i - l a t e r a l  i r r a d ia t io n  wh ile  the second h a l f  i s  be ing  c a r r ied  out.
d) The occurrence o f two or more nuc lear  reactions with the same 
product.
e) The occurrence of nuclear reactions  g iv in g  r i s e  to nuclides  which 
in te r fe re  with the measurement o f  r a d io a c t iv i t y  from which a body 
element i s  to be estimated.
I t  was known that nea r ly  a l l  o f  the a c t iv a t ion  in t e g r a l  fo r  the neutron
&y<t
r a d ia t iv e  capture 23N a (n ,y )24Na, 37C l (n ,y )  38C1, and 1+8C a (n ,Y ) '39Ga was due 
to thermal neutrons. Thus uniform ity o f  a c t iv a t ion  was synonymous w ith  
uniform ity o f slow neutron f lu x .
The thermal f lu x  d is t r ib u t io n  was measured by observing  the 24Na 
a c t iv i t y  produced in sodium n i t r a t e  samples placed at various depths in  
the phantom. I t  was found that, by using 3.5 cm o f  t is su e -e q u iv a le n t
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m ater ia l as a bu i ld -up  laye r  and g iv in g  a b i l a t e r a l  i r r a d ia t io n ,  the 
f lu x  was uniform to w ith in  ± 3.5% over a 25 cm depth.
The d is t r ib u t io n  of f a s t  f lu x  was in vest igated  using  the reaction  
2ifM g (n ,p )2i|Na with a threshold o f  about 6 MeV and was found to be 
extremely non-uniform.
A uniform s e n s i t i v i t y  o f  detection  can be achieved by correct  
design o f the whole body counting f a c i l i t y  and the so lu t ion  to c ) has been 
obtained by the d i f f e r e n t  research groups working in the f i e l d .  The 
d i f fe r e n t  techniques used w i l l  be explained la t e r  in  th is  d iscussion .
The measurement of a c t i v i t y  produced in samples containing known 
qu an t it ie s  of a ta rget  nuc lide  which had been d is t r ib u te d  in  a water  
phantom and i r r a d ia te d  w ith  14 MeV neutrons allowed the assessment of  
various in t e r fe r in g  reac t ions .
The reactions 2lfMg(n,p ) 21+Na and 14-^ (n ,  2) 38C1 both have product 
nuclides id e n t ic a l  to those produced by (n ,y )  reactions in  sodium and 
ch lo r ine . I f  no allowance was to be made fo r  th is  a c t i v i t y  the re su ltan t  
e rro rs  on sodium and ch lor ine  measurements would be 3.4% and 4% re sp e c t iv e ly .
The reaction  37C l ( n , p ) 37S ( tj = 5 m) produces 3.1 MeV y -ray s  amounting to
2
13% o f the 3.1 MeV a c t iv i t y  from i+gCa.
2.3 Measurement o f  Body C a lc ium
2.3 .1  Total body calcium measured by'-means o f the ^8Ca ( n , y ) tl9Ca react-ion
The research e f f o r t  in  NNAA has perhaps concentrated on the measurement 
o f calcium to a much g rea te r  extent than on the measurement o f the. other  
elements which can be determined. The ro le  o f  calcium in various bone d iseases  
was appreciated  as was the e f f e c t  o f  c e rta in  d isease s ta te s  on calcium
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homeostasis (Fo 68). There fore , since 99% of body calcium i s  f ix ed  in  
the skeleton , a qu an t ita t iv e  ana ly s is  o f  t o ta l  body calcium by IVNAA 
gives a d ire c t  estimate o f the sk e le ta l  s ta tu s .
I
The Birmingham U n iv e rs ity  group demonstrated the f e a s i b i l i t y  of  
whole body neutron a c t iv a t io n  an a ly s is  fo r  the determination o f  t o ta l  
body calcium using a 60in cyc lotron  as the source o f  neutrons. (Ch 68a ). The 
neutrons, o f  average energy 3.5 MeV, were produced by bombarding a n atu ra l  
lith ium  ta rget  with protons. Repeated ac t iv a t ion  o f three cadavers demon­
strated  the re p o d u c ib i l i t y  o f  the calcium measurement expressed as a r a t io  
to 24Na ac t iv a t ion .  A wooden c o f f in ,  1.5 cm th ick, provided the necessary  
moderation of f a s t  neutrons. Uniform ity o f a c t iv a t ion  was achieved by 
i r r a d ia t in g  f i r s t  p o s te ro a n te r io r ly  and then from the opposite  d ire c t io n .
The i r r a d ia t io n  times were arranged to compensate f o r  the decay of 49Ca 
during the f i r s t  h a l f  o f  the i r r a d ia t io n .
A f te r  i r r a d ia t io n  and a c t iv a t io n  the cadaver was qu ick ly  t ran s fe rred  
to the whole body counter. This consisted  o f 12 cm by 10.5 cm sodium iod ide  
c ry s t a ls ,  completely sh ie lded  by 15 cm o f  s t e e l  l in ed  by 3 mm lead .
The 49Ca/2tfNa r a t io s  were obtained in  a s im ila r  manner in  three hea lthy  
vo lunteers who were given t o t a l  doses o f  approximately 1.5 rem. The authors ' 
made no attempt to express the t o t a l  body calcium derived  from the 49Ca 
a c t iv i t y  in terms o f grammes o f calcium. This would have requ ired  good 
uniform ity of a c t iv a t io n  and detection  re ga rd les s  o f  p at ien t  shape. I t  was 
ra ther  decided to standard ize  the a c t iv a t io n  procedure and fo l lo w  s e r i a l  
changes o f  calcium in  a p a r t ic u la r  in d iv id u a l .  However th is  method has the 
disadvantage that since approximately 30% o f the sodium is  located  in bone, 
standard iz ing  with respect to sodium is  questionab le  in  the study o f  p at ien ts  
with bone-wasting d isea ses .
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The design of th is  system was subsequently improved and i t  was shown 
that acceptable  uniform ity o f slow neutron f lu x  could be achieved (Ch 70).
Standard isation  o f measurement and adequate ra d ia t ion  p ro tec t ion  was achieved
I
by monitoring the dose simultaneously in  four d i f f e r e n t  ways:
a) A thor ium -f iss ion  counter mounted c lose  to the neutron source.
b ) A f a s t  neutron detector con s is t in g  o f  a b o r o n - t r i f lu o r id e  f i l l e d  ion­
is a t io n  chamber in a la rge  p l a s t i c  and wax moderator placed in  a f ix ed  
pos it io n  below the p a t ie n t ’ s bed.
c) Two standard gold f o i l  d iscs  placed in the middle o f  a 4 cm thick po ly ­
propylene moderator p laced in  a f ix ed  pos it ion  on a w a l l  o f the 
i r r a d ia t io n  room and subsequently counted by an end-window ge ige r  
counter.
d) Conventional 3y and f a s t  neutron f i lm  badges placed in  fron t  of and 
behind the pat ien t  during i r r a d ia t io n .
The l in e a r i t y  o f  the d i f f e r e n t  monitoring systems was demonstrated 
using a phantom containing 1168 g o f  calcium as calcium carbonate.
Palmer et a l . ,  in S e a t t le ,  examined the f e a s i b i l i t y  o f  performing  
calcium measurements. 14 MeV neutrons from the 3T (d ,n )  reac t ion ,  using a 
Van de G raa ff  p o s it iv e  ion a c c e le ra to r ,  and cyclotron produced neutrons 
o f 2 MeV average energy from the 9B e (d ,n ) reaction  were in ves t iga ted .
(Pa 68 ).
Having shown that an accuracy o f 2% fo r  a s in g le  measurement could be 
obtained fo r  a maximum to ta l  body dose o f  2 rem and that s e r i a l  changes of  
to ta l  body calcium o f 3% should be de tec tab le ,  the authors embarked upon a
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To assess the uniform ity o f  calcium act iva t ion  in  the human body,
manganese monitors, in  the form o f | by 1 inch p la s t i c  jcapsules f i l l e d  w ith  
manganese d iox ide , were in se rted  at 1 inch in te rv a ls  through the thickness  
o f an appendage, the p e lv i s ,  trunk, chest or head. Comparison o f  a c t iv a t ion  
of calcium and manganese capsules in  a water phantom had demonstrated that  
the induced 86Mn a c t i v i t y  at any po s it io n  in  the phantom was p ropo rt iona l to 
49Ca a c t iv i t y .  I t  was d iscovered that bones in the ankle, w r i s t ,  forearm  
and surface  of the sk u l l  which were covered by r e l a t i v e l y  small amounts of  
t is sue  moderator were le s s  act ivated  than bones ly in g  at depth in the body. 
Fixtures  were devised to compensate fo r  these v a r ia t io n s  by supplying extra  
moderation at the ex trem it ie s .
Patients  were i r r a d ia t e d ,  at a d istance o f 14^ fe e t  from the ta rg e t ,  
standing upright in  a plywood box with 6 inch thick w a l ls  which sh ie ld  the 
pat ien t  from neutrons scattered  toward him from other su rfaces  of the room.
A | inch thick lu c i t e  helmet covers the head and neck to moderate 
neutrons p r io r  to th e ir  entry in to  the bone of the outer sk u l l  and c e rv ic a l  
spine. Each arm i s  in se rted  to the le v e l  o f  the a x i l l a  in to  a 4| inch
diameter water f i l l e d  lu c i t e  cy lin der  and the pat ien t  stands in a water f i l l e d
lu c i t e  boot, 6 inches th ick and 30 inches high. The water provides an add it ion a l  
hydrogenous moderator.
Uniformity of a c t iv a t ion  i s  achieved by ro ta t in g  the pat ien t  through 
180° at the midpoint o f  the i r r a d ia t io n .
This group a lso  decided to measure s e r i a l  changes in  to t a l  body calcium  
in  an in d iv id u a l  ra ther than attempt to estimate absolute va lues .  Repro­
d u c ib i l i t y  i s  achieved by i r r a d ia t in g  comparator standards o f calcium along
c l i n i c a l  s t u d y  o f  p a t i e n t s  w i t h  m e t a b o l i c  b o n e  d i s e a s e .
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The standards consist o f  four lexan containers, each containing 1600 g
o f calcium in the form o f Ca(N03) 2 . 4H20 which can be p laced in s p e c ia l ly
1
constructed wing s lo t s  next to the p a t ien t .
An e legant technique was devised to compensate fo r  the decay o f  
calcium between the beginning of the an te r io r  i r r a d ia t io n  and the 
beginning o f  the p o s te r io r  i r r a d ia t io n .  The output from a dose monitor i s
fed to an RC in teg ra to r  with a time constant of 12,69 minutes ( t 2 = 8 . 8
2
minutes). The in teg ra to r  c i r c u i t  i s  charged during the f i r s t  h a l f  o f  the 
i r r a d ia t io n  and discharged during the second h a l f ,  thus e f f e c t i v e ly  the 
calcium ac t iva t ion  throughout the body i s  made equal.
Four minutes a f t e r  i r r a d ia t io n ,  the pat ien t l i e s  supine in  a § inch 
aluminium trough while  an annular array  o f four unshielded N a l (T l )  c ry s ta ls ,  
each 4 inches thick and 9g inches in  diameter, pass over him from head to foo t .  
The room background over the energy reg ion  o f in te re s t ,  1.8 to 5 MeV is  
s u f f i c i e n t ly  low so that no sh ie ld in g  o f  the c ry s ta ls  i s  requ ired .
49Ca a c t iv i t y  i s  diminished as the count progresses so the c ry s ta ls
are moved at an exponen tia lly  decreasing  speed with a T+ equal to that o f
2
49Ca. This ensures a uniform ity of detection  over the length o f the body.
Cohn's group at the Brookhaven Nat ional Laboratory d i f f e r  from the 
previous two centres in  that they decided to measure abso lute  va lues of  
to ta l  body calcium rather than s e r i a l  changes. Obviously , in  order that  
absolute  measurements can be made, the degree o f  un iform ity required  i s  
much h igher than that requ ired  fo r  r e la t i v e  measurements.
w i t h  t h e  p a t i e n t  and c o u n t i n g  t h e s e  s t a n d a r d s  w i t h  t h e  sam e d e t e c t o r .
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The in -v ivo  ac t iv a t ion  ana lys is  o f  a se r ie s  o f  cadavers fo llowed  
by ashing and chemical ana lys is  would provide a check on the absolute  
c a l ib r a t io n .  However,this procedure i s  sub ject to s t a t i s t i c a l  in accurac ies .  
Therefore a p r a c t ic a l  approach was adopted invo lv ing  the use o f  e labo rate  
phantoms ir r ad ia te d  under standard conditions and counted with uniform  
s e n s i t i v i t y  of detection  (Co 70).
These workers are fortunate  to have a very soph ist icated  whole body 
counter at th e ir  d isp o sa l.  The counter consis ts  of a bed p laced between 
two banks o f detectors one above and the other below. Each bank consists  
of 27 15 x 15 cm N a l (T l )  c ry s ta ls  arranged in a 3 x 9 g r id  in a p lane.
The counter room is  surrounded by 122 cm o f lo w -a c t iv i ty  concrete, w ith  a 
10 cm s t e e l ,  0.32 cm lead  and 0.16 cm aluminium l in e r .  A r e c i r c u la t in g  
f i l t e r e d  a i r  system is  a lso  used to help ensure low background (Co 69).
I t  i s  p o s s ib le  to correct  both fo r  geometry and absorption  o f  y -ray s  in  
the body by means o f a computer code. The f a c i l i t y  i s  characterized  by a 
high s e n s i t i v i t y ,  a r e l a t i v e  invariance  to the d is t r ib u t io n  o f  r a d io a c t iv i t y  
w ith in  the body and body hab itu s .
A c a l ib ra t io n  fa c to r  was obtained r e la t in g  the amount o f  ta rget  
calcium to the neutron f lu x  density  and the corresponding induced a c t i v i t y  
of 49Ca as measured by the whole-body counter. This was achieved by 
measuring ta rgets  o f  Ca(N03) 2 .4H20 i r r a d ia te d  in the thermal neutron beam 
o f the Broolchaven Medical Research Reactor, The average thermal neutron f lu x  
density  in the ta rgets  was measured by activated  gold f o i l s  surrounding the 
ta rg e t .  The induced 49Ca ta rgets  were then d is t r ib u te d  homogeneously in  an 
Alderson phantom and counted in the whole body counter.
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Studies with phantoms demonstrated that absolute  le v e ls  of calcium  
could be determined with an accuracy of ± 1.7% fo r  a to t a l  dose of 0.637 rem.
In studies with 14 MeV neutrons, the sub ject i s  p laced on a turntab le  
at a d istance o f 1.5 metres from the ta rg e t .  Build  up layers  consis t ing  of
3.8 cm of polyethylene are pos it ioned  up against the fron t  and back o f  the 
sub jec t .  The subject i s  ro tated  through 180° at m id - i r ra d ia t io n  and the 
e f f e c t  of decay between the a n te r io r -p o s te r io r  and p o s t e r io r -a n te r io r  
i r r a d ia t io n s  i s  taken into  consideration .
The r e la t i v e  s u i t a b i l i t y  o f  14 MeV neutrons and neutrons of 4.2 MeV 
average energy from 238Pu-Be neutron sources fo r  use in  in -v iv o  whole body 
ac t iva t ion  was examined by Cohn. A f u l l  d iscussion  o f the r e l a t i v e  merits o f  
various neutron sources w i l l  be l e f t  u n t i l  section  2.13 but i t  i s  germane 
to mention Cohn’ s f in d in g s .  I t  was concluded that the 238Pu-Be neutrons had 
an advantage fa c to r  o f  about two compared to 14 MeV neutrons. This advantage 
fa c to r  i s  r e a l l y  the product o f  two f a c to r s ;  the f i r s t  be ing  re la te d  to the 
r e la t i v e  e f f i c ie n c y  w ith which thermal neutrons are generated as .a function  
o f neutron energy, and the second be ing  re la te d  to the r a t io  o f  dose per  
incident neutron fo r  the two sources. I t  was a lso  shown that acceptable  
uniform ity o f thermal f lu x  could be achieved with 238Pu-Be neutrons. There­
fo re  the B .N .L . group designed and constructed a f a c i l i t y  incorporating  
fourteen  encapsulated 238Pu-Be sources, each containing 50 Ci o f  238Pu-Be 
and y ie ld in g  2 x 106n s” 1C“ 1. The sources are placed above and below the 
supine pat ien t  prov id ing  a broad beam b i l a t e r a l  i r r a d ia t io n .  Moderation of  
the neutrons i s  achieved with a polyethylene sh ie ld  f i t t e d  to the sub ject  
and the o v e ra l l  v a r ia t io n  in  thermal neutron f lu x  through the p a t ie n t ’ s body 
i s  ± 8% (Co 7 2 a ) ,
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For a meaningful comparison o f  the absolute  le v e ls  o f  calcium of  
various p at ien ts  i t  i s  necessary that the data be normalized on the b a s is
of age and sex as w e l l  as body h ab itu s .  An em p ir ica l ly  derived  r e l a t i o n -
I
ship was obtained in a study on hea lthy males and females and th is  was 
then app lied  to data fo r  180 p at ien ts  who had various m etabolic  d iso rders  
a f fe c t in g  th e ir  sk e le ta l  system. The norm alizing fac to r  was:
For males: = 54.6 H/K
For females: = 57.0 H/K
where H represents the s u b je c t s ’ height and K the su b je c ts '  to ta l  body 
potassium as measured by whole body counting. Cohn drew a ttention  to the 
fa c t  that a certa in  amount o f  caution should be taken in  applying these
m u lt iv a r ia te  p red ic to rs  to p a t ien ts .  In  osteoporo tic  p a t ien ts ,  compression
frac tu re s  o f  the v e r te b ra l  column can r e su l t  in  a lo ss  o f  height o f  up to 
approximately 7 cm. Due considerat ion  should a lso  be given to the v a r i a b i l i t y  
of t o t a l  body potassium in  d isease  s ta te s ;  although the equation u t i l i s e s  
potassium to the on e -h a lf  power and there are few d iso rders  in  which the 
change in TBK would be great  enough to in v a l id a te  the p red ic t ion  (Co 7 4 a ) ,
The f a c i l i t i e s  employed at East K i lb r id e  are noteworthy fo r  the elegance  
of technique, ease o f  operation  and th e i r  low cost .
The i r r a d ia t io n  f a c i l i t y  comprises two sealed tube neutron generators  
housed in  a concrete shadow-shie ld. The lower generator i s  located in  a 
con cre te - l in ed  hole in  the f lo o r  w h ile  the upper i s  supported by a s t e e l  
framework and located  in  a cav ity  in the sh ie ld  ro o f .  The pat ien t  passes  
along a cen tra l  tunnel between the generators ly in g  on a motorised couch 
and rece ives  a simultaneous b i l a t e r a l  i r r a d ia t io n  (Bo 72a, Bo 73a, Bo 7 3 b ) ,
-  27 -
The so u rce -to -p a t ien t  d istance can be s i g n i f i c a n t ly  reduced as 
the scanning geometry ensures un iform ity  o f  a c t ivat ion  along the length
of the body and uniform ity in a transverse  d irec t ion  can be achieved at
l
shorter distances due to the r e l a t i v e l y  short width o f the body. Conse­
quently neutron generators w ith  reduced output and cost may be employed.
The attendant reduction in s ize  means that more compact sh ie ld ing  can 
be employed. .
The whole-body counter i s  s itua ted  in  an adjacent labo ra to ry  which 
minimizes pat ien t  transport .  This monitor i s  of the shadow sh ie ld  type 
with two opposed N a l (T l )  detec to rs ,  29 cm in  diameter x 10 cm deep (Bo 67a,
Bo 67b). Studies with a polyethylene anthropomorphic phantom, containing  
known amounts o f  activated  sodium in  the form o f sodium n it r a t e  so lu t ion ,  
demonstrated the detection  uniform ity o f  the monitor (Bo 75b ).
The rad ioac t ive  decay along the length of the body due to the i r r a d ia t io n  
scanning procedure i s  autom atica lly  compensated fo r  a l l  iso topes ,  i r r e s p e c t iv e  
of h a l f - l i f e ,  by making the speed and d ire c t io n  o f the counting scan id e n t ic a l  
to that used fo r  i r r a d ia t io n .  I t  i s  unfortunate that a scanning protoco l  
requ ires  m ultip le  scans to provide s a t is fa c to ry  counting s t a t i s t i c s .
A d e ta i led  study was ca r r ied  out to f ind  the conditions which would 
optimize the uniform ity o f  a c t iv a t in g  neutron f lu x  (E l 78).
Thermal neutron f lu x  p r o f i l e s  were measured by ac t iv a t ion  of gold  
f o i l s  and so lutions o f  sodium n i t r a t e  in  ampoules 1.5 cm in  diameter x 6 cm 
length.
I t  was found that by re t ra c t in g  the neutron generators into th e ir  
c a v it ie s  and thus co ll im at ing  the beam, the root mean square dev iat ion  from 
the mean of the thermal neutron fluence through the body thickness was ± 8%.
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This compared favourab ly  with the optimum r .m .s , value of ± 9.1% achieved  
using a thickness o f  6 cm o f  perspex as premoderator in f ron t  of the 
target p la te s  o f  the generators. I t  was postu lated  tha^t th is  e f f e c t  was 
due to coll im ation  producing neutrons o f  intermediate and thermal energ ies  
by sca tte r in g  in te rac t ions  w ith  the co l l im ato r .  Thus there is  a contribut ion  
to the f lu x  in the surface  la y e r s ,  but unlike the premoderated case, a 
s ig n i f ic a n t  f rac t io n  of the incident beam remains undegraded to increase  
the thermal f luence at mid-depth.
The authors a lso  examined the e f f e c t s  o f  p lac ing  premoderator around 
the body and i t  was found that acceptable  uniformity o f  a c t iv a t in g  f lu x  
could be achieved by p lac in g  premoderator, in the form o f  a convex s e l f -  
supporting polyethylene sheet o f  3 cm thickness, over the lower leg  
sections and nowhere e ls e ,  On the grounds o f  p a t ien t  comfort i t  was 
decided not to p lace  premoderator around the head.
Acceptable uniform ity o f  f lu x  was shown to e x is t  across the width  
of the body.
The authors a lso  measured the uniform ity o f  the f a s t  f lu x  through 
phantoms o f d i f fe r e n t  thicknesses using a c t iv a t ion  of copper v ia  the 
63Cu (n ,2n )62Cu reaction  with a threshold of 11 MeV. The r .m .s .  deviation  
from the mean value fo r  depths ap p lic ab le  to the body ranged from ± 7% to 
± 19%.
Boron t r i f lu o r id e  and f i s s io n  counters, p laced c lose  to each tube, 
monitor the thermal and f a s t  neutron f lu x  re sp ec t ive ly .  However, a simple  
technique was devised to ensure that the r e la t iv e  neutron fluence between 
measurements made over a long per iod  of time could be standard ised . Four 
copper b a rs ,  1.9 cm diameter x 6.3 cm length, are p laced  in  c l ip s  attached
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to the edges o f  the bed at the le v e l  of i t s  su rface . The use o f four  
bars p laced around the trunk of the pa t ien t  enables the constancy of  
the neutron fluence to be checked both lo g i tu d in a l ly  an£ l a t e r a l l y ,
The activated  bars are counted in a w e l l - ty p e  N a l (T l )  detector (Wi 77),
A disadvantage of the one-way scanning technique ou tlined  above l i e s  in  
the fac t  that each measurement scan must be fo llowed by a return  scan 
during which measurement is  suspended fo r  a short time and consequently there  
i s  a reduction in s e n s i t i v i t y  r e su lt in g  from the decay of r a d io a c t iv i ty  
during th is  dead time per iod . To overcome th is  problem, Haywood e t  a l ,  
examined the f e a s i b i l i t y  of using a two-way scanning method. Two i r r a d i a t ­
ion scans are performed, f i r s t  reverse  ( f e e t  i r r a d ia te d  f i r s t )  and then 
forward (head f i r s t ) .  The measurement scans are made in p a i r s ,  a forward  
scan fo llowed by a reverse  scan (Ha 78), I t  was concluded that there was 
no s ig n i f ic a n t  d i f fe ren ce  in uniform ity between the one-way and two-way 
scanning regimes fo r  the elements of in te re s t  and so two-way scanning could  
be performed. I t  has been pointed out that using the two-way scanning  
method i t  is  p o s s ib le  to use a s in g le  neutron generator f o r  b i l a t e r a l  
scanned i r r a d ia t io n s ,  the p at ien t  turning over between the two i r r a d ia t io n  
scans (Ha 79).
2 .3 .2  P a r t i a l  body Calcium measurement
I t  i s  known that d i f f e r e n t  d iseases have varying e f fe c t s  on the 
d i f fe r e n t  s i t e s  o f the skeleton  and there is  some debate as to which s i t e  
should be chosen fo r  the p a r t i a l  body measurement.
P a r t i a l  body ac t iv a t ion  has the a ttra c t ion  that i t  is  only necessary  
to i r r a d ia t e  a part  o f  the body and so the to ta l  dose rece ived  by the 
pat ien t  is  reduced. Further, the decrease in the s iz e  o f the i r r a d ia t io n  
and counting f a c i l i t i e s  as compared to whole body ac t iv a t ion  has a
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concomitant decrease in cost.
P a r t i a l  body ana lys is  is  p r im a r i ly  concerned with obtain ing  
r e p ro d u c ib i l i ty  in  sequential-measurements so the uniform ity o f  
a c t iv a t in g  f lu x  i s  not as c r i t i c a l  as. in absolute whole body measure­
ments. However, i t  i s  s t i l l  necessary to define  the volume of  
i r r a d ia t io n  and the counting geometry. A fu rther  point i s  the degree 
to which exchangeable induced a c t i v i t i e s  e .g .  Na and Cl may move from the 
region being counted and so d is t o r t  the measurement.
The group from Orsay suggested the usefu lness of determining p a r t i a l  
body calcium in 1967 (Co 67). I n i t i a l  experiments used a reac to r  as a 
neutron source and values fo r  t i b i a l  calcium in v ivo  were expressed in  
terms of the r a t io  of calcium to sodium or ch lorine  (Co 70). More 
recently  the group designed a f a c i l i t y  su ita b le  fo r  determining calcium  
in the hand.
Two 200 jig sources of 252Cf emitting 9.8 x 108ns_1 and four  10 Ci 
238Pu-Be sources emitting 6.8 x 107ns_1 are used g iv in g  a to t a l  neutron  
emission o f  about lO^ns” 1. The use o f  238Pu~Be neutrons with  h igher mean 
energy (4 .4  MeV) a llows a simultaneous determination of phosphorus v ia  the 
f a s t  neutron induced reac t io n ,  31P ( n , a ) 28A l .  The sp e c ia l ly  designed  
f a c i l i t y  permits reproducib le  geometry and a cadmium b ra c e le t  confines the 
dose to the hand. The hand is  counted between two opposed 12.5 cm x 12,5 cm 
N a l (T l )  detec to rs .
The re su lts  o f  calcium and phosphorus determinations in 55 normal 
sub jects  were normalised by c a lc u la t in g  the bone volume o f  the hand. The 
bone volume o f  the hand was determined from a c a l ib ra t io n  curve, obtained  
using anatomical specimens, which re la te d  the pro jected  surface  area o f  the 
hand bones on an X-ray image to bone volume. Measurements were then expressed
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as gramms of calcium and phosphorus per unit volume o f  hand bone (Ma 76) .
The hand dose is  7.5 rem w h i ls t  the body receives a dose o f 1,5 rem.
The group have performed extensive  c l i n i c a l  studies in  pat ien ts  with  
various bone problems (Ma 79). Boddy assessed the e rro rs  in  determining  
calcium in sections o f  bone (Bo 6 8 a ) ,  I t  was found that a uniform thermal
neutron f lu x  could be obtained , up to 4-5 cm deep in t is su e ,  by p lac in g
a 0.48 cm thick boron absorber in the collim ated  beam from the U.T.R.
100 reacto r  (Bo 69). This i s  the r e su lt  o f  the boron removing thermal 
neutrons from the beam leaving epithermal and f a s t  neutrons.
Calcium standards and animal bones were placed in  a s o l id  polyethylene  
phantom, 9 cm diameter x 16 cm length , and i r r a d ia te d .  Subsequently counting  
was done using a shadow-shie ld  whole-body monitor. On average, the 
a ct iva t ion  re su lt s  d i f f e r e d  from the re su lt s  of a corresponding chemical 
ana lys is  by 3.7%. The s e n s i t i v i t y  was explored fu rth er  using the hand 
bones and the bones o f  the foot  and ankle o f  a human skeleton  (Bo 72c)
Changes o f 6-8% in bone calcium inc lud ing  v e r te b ra l  calcium could be determ­
ined, with neutron doses as low as 20 m rem, at the 95% confidence l im it .
Further, the in te r fe rence  o f the other body elements was shown to be 
n e g l i g i b le  (Bo 75c ).
The p o s s i b i l i t y  o f  using an is o to p ic  neutron source was explored in  
pre lim inary  experiments with a weak 2l|1Am-Be neutron source (Bo 73c), 
Measurements were made on the hand and ankle bones of a human skeleton and 
i t  was found that the s e n s i t i v i t y  o f  the method was b e t te r  fo r  measuring  
phosphorus by the fa s t  neutron induced reaction  31P ( n , a ) 28A l ,  with a 
threshold  energy o f  approximately 2 MeV, than i t  was fo r  measuring calcium  
by the thermal neutron capture reac t ion . This is  not su rp r is in g  in view  
o f  the r e l a t i v e ly  high mean energy (4 .4  MeV) of an 21flAm-Be neutron source .
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A f a c i l i t y  was constructed fo r  p a r t i a l  body in v ivo  a c t iv a t ion  
ana lys is  using 252Cf neutron sources, as the f i s s io n  spectrum from a 
232Cf source is  e a s ie r  to moderate than the r e la t i v e ly  harder spectrum 
from an (a ,n )  neutron source (Bo 74b). Two 200 yg 232Cf neutron sources,  
each with an output o f  4.6 x 108ns_ 1 , could be t ran s fe rred  pneumatically from 
a protected pos it ion  underground to the i r r a d ia t io n  s i t e .  Several  
measurements on the t i b i a  of a human skeleton  y ie lded  an o v e ra l l  c o e f f ic ie n t  
of v a r ia t io n ,  inc lud ing  counting s t a t i s t i c s ,  o f  2.2% fo r  a dose of 1.63 rem 
received  in a simultaneous b i l a t e r a l  i r r a d ia t io n .
The use o f 252Cf fo r  c l i n i c a l  p a r t i a l  body measurements of calcium  
has been shown to be v ia b le  (Bo 76b, Sm 79).
The U n ivers ity  o f  Birmingham group decided to concentrate on the 
lumbar spine as i t  is  a region  o f  m etabo l ica l ly  act ive  bone (s p in a l  cancellous  
bone has approximately fou r  times the turnover rate o f  dense bone (ICRP 75)) 
and a lso  because i t  is  known to be s i g n i f i c a n t ly  a f fec ted  in  the most 
common bone d isease , osteoporos is .  A collim ated  beam o f neutrons' from the 
U n ivers ity  cyclotron was used to i r r a d ia t e  the region  o f  the lumbar spine.  
Phantom experiments demonstrated acceptable uniformity o f  response over 
the region  of the spine. To monitor the e f f e c t s  o f  p o s i t io n a l  changes on 
detection  e f f ic ie n c y  a small 137Cs source was pos it ioned  on the skin at the 
mid-point o f  the sp ina l section  i r r a d ia t e d .  The detected in ten s ity  o f  the 
0.662 MeV y -ray  emitted in  the decay o f 137Cs was then used to normalize  
measurements. A p rec is ion  o f ± 2% was obtained fo r  a lo c a l  rad ia t ion  dose 
of 3 rem (A l 76).
The protoco l fo llow ed  by the group at Toronto is  p robab ly  b e t t e r  
defined as whole body ac t iv a t ion  since p a r t i a l  body ac t iv a t ion  is  normally
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understood to re la te  to a small port ion  or extremity o f  the body. The 
i r r a d ia t io n  f a c i l i t y  consists  o f  twelve, 5 Ci Pu-Be sources, each with  
an output of approximately 107n sec” 1, d is t r ib u te d  symmetrically around 
the trunlc and upper thighs o f  the su b je c t ,  s ix  o f  the sources being  
above the body and s ix  below. Post i r r a d ia t io n  counting i s  c a rr ied  out 
in a whole body counter. Depending on the in d iv id u a l ,  between one th ird  
and one h a l f  o f the to ta l  bone i s  i r r a d ia te d  and counted (Ha 74). Based 
on measurements o f  normal sub jects  a calcium index has been e s tab l ish ed  
that takes into  account body habitus and th is  index is  app lied  to c l i n i c a l  
measurements (Ha 75).
Using the hand as a monitor o f  m etabolic  bone d isea se ,  Catto et  a l .  
have performed c l i n i c a l  stud ies w ith  a 25 Ci Am-Be neutron source (Ca 73, 
Me 74, Ma 79) and Spinks et a l .  w ith  cyclotron  produced neutrons at the 
M.R.C. cyclotron u n it ,  Hammersmith Hosp ita l (Sp 79). This l a t t e r  group 
a lso  studied the loss o f  24Na a c t i v i t y  from a hand up to 48 hours a f t e r  
i r r a d ia t io n .  On average, the ra te  o f  loss o f  sodium was found to be 
g rea te r  in pat ien ts  su f fe r in g  from bone d isease  than in normal sub jects  
(Sp 76).
2 .3 .3  Total body calcium determined by measuring expired  argon
produced by the f a s t  neutron induced reaction  Lf0Ca(n ,q) 37Ar
In 1972, Palmer suggested a method f o r  measuring whole body calcium  
which required  only about one f i f t i e t h  o f  the dose normally given to 
pat ien ts  using thermal neutrons to induce r a d io a c t iv ity  in calcium (Pa 72a) 
During i r r a d ia t io n  o f  bone with f a s t  neutrons a small amount o f  s tab le  
calcium is  converted to 37Ar by the reaction  ^8C a (n , a )37Ar and the 37Ar,  
being chemically in e r t ,  i s  e a s i ly  re leased  from the body v i a  exhaled a i r
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ab u ndant
0 .185%  11 ® C a (n ,y ) **9Ca T j  -  8 . 7  m 97*
abu ndant
it0C a ( n , a )  37A r  t . = 3 4 . 3  d
9 2 % ( 3 . 0 8  meV y - r a y ) 9 3 * ( 2 . 6  KeV e l e c t r o n )  
71 Cl X - r a y
“ 9 Sc 37A r
T a b l f  2. ' : N u c le a r  p r o p e r t i e s  a B a o c i a t e d  w i t h  th e  two t e c h n i q u e s .  (Reprod uced  f ro m  P ro c e e d in g s  o f  the
A n a l y t i c a l  D i v i s i o n  o f  the  C h em ica l  S o c i e t y  1 2 ,  p . 2 2 2 ,  Ozbas E.  e t  a l . ) .
and counted. The reduction in  dose can be explained in terms o f the various  
physica l  parameters associated  w ith  the two methods. I t  can be seen from 
Table 2.1 that t+0Ca is  about 500 times more abundant than Lf8Ca. The 
c ro ss -sec t io n  values quoted represent the highest va lues f o r  the respective  
c ro s s -s ec t io n s .  The amount o f  a c t i v i t y  induced in each case w i l l  depend 
on the number o f  thermal neutrons and the number o f  neutrons with energy 
g rea te r  than the threshold  energy o f  the (n ,a )  reac t ion  r e sp e c t iv e ly .
However, the c ro ss -sec t io n  is  seen to be more favourab le  f o r  the thermal 
neutron capture reac t ion .
The e f f ic ie n c y  w ith  which induced ra d io a c t iv i ty  is  detected is  
d i f f e r e n t  fo r  the two techniques. The 8.7 min h a l f - l i f e  o f  tf9Ca means that 
some a c t iv i t y  is  lo s t  w h ile  the sub jec t  i s  t ran s fe rred  from the i r r a d ia t io n  
to the counting f a c i l i t y  and a lso  the detection  e f f ic ie n c y  fo r  the 3.08 MeV 
y -rays  depends on the in t r in s i c  e f f i c ie n c y  and geometry o f  the N a l (T l )  
detector employed. 37Ar cannot be detected in the body but must be c o l le c ted
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ex te rn a l ly  and counted so there may be some loss of a c t i v i t y .  However, 
the low energy (2.62 keV) and range (< .02 mm) o f the Auger E lectrons  
emitted by 37Ar means that i t  can be detected w ith an e f f i c ie n c y  o f almost 
100% in a p ropo rt iona l counter o f  small volume with concomitantly low 
background. The advantage o f the 100% e f f ic ie n c y  is  p a r t i a l l y  o f f s e t  by 
the r e la t i v e ly  long h a l f - l i f e  o f  37Ar (34.3 days) but since i t  is  convenient 
to count the 37Ar fo r  up to about 16 hours the net r e s u l t  is  s t i l l  a major
reduction in the p a t ien t  dose,
tflAr is  produced v ia  the f a s t  neutron reaction  44Qa (n>a) 4l^ r kU£ £ke 
use o f  th is  isotope is  precluded by the in te r fe r in g  reaction  4 *K (n ,p )4?Ar 
on the s tab le  potassium in the body. There are no in te r fe rences  in the use
of 37Ar fo r  calcium measurements except that 4 lA r (x i  = 1.83 hours) must be
2
allowed to decay away be fo re  counting.
Exhaled gases must be p u r i f i e d  so as to leave only the various i s o ­
topes o f  argon and some trace amounts o f  other in e r t  gases since any e le c t ro ­
negative  gas im purities w i l l  impair the counting of the 37Ar. The b o i l in g
point and adsorption c h a ra c te r is t ic s  o f  n itrogen  are so s im i la r  to those
of argon that i t  i s  very d i f f i c u l t  to separate a small quantity  o f  37Ar 
from a large  volume o f n itrogen . This problem is  surmounted by su b s t itu t in g  
a gas mixture o f  80% helium and 20% oxygen fo r  in sp ired  a i r .
The c o l le c t io n  o f  the exhaled gases from the sub jec t  s t a r t s  at the 
beginning o f the i r r a d ia t io n  and continues fo r  some time. C o l lec t io n  o f  the 
to ta l  exhaled breath  fo r  seve ra l  hours requ ires  that la rge  volumes be 
co llec ted  or that a c losed c i r c u i t  breath ing  system be used. The closed  
system is  the more convenient o f  the two but recent work suggests that 
there is  a s i g n i f ic a n t  reabsorption  o f argon over the c o l le c t io n  period  
with a disappearance h a l f - l i f e  o f about 1.6 hours (Lew 79a).
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The method of c o l le c t io n  and counting used by the Birmingham group 
is  ty p ic a l  of the general technique. The sub ject  is  in  a c losed  
breath ing  c i r c u i t  that can be sampled p e r io d ic a l ly .  A pample i s  stored  
on a cooled activated  charcoal trap and is  s low ly re leased  through a 
furnace containing 7.5 Kg o f  copper turnings heated to 540°C. A molecular  
sieve  is  used as a drying agent and any re s id ua l  carbon d iox ide  or water  
is  removed in  the cold trap and the phosphorus pentoxide trap . A second 
furnace containing copper removes traces o f  oxygen and any n itrogen  
present is  removed in a furnace containing about 150 g o f  calcium turnings  
heated to 600°C. F in a l ly ,  the p u r i f i e d  sample i s  counted in te rn a l ly  in  
a gas p ropo rt iona l counter f i l l e d  with a 9 + 1 argon-methane mixture at  
a pressure of 560 to rr  (Oz 75).
Lewellen et a l ,  and Ozbas et a l .  examined the excretion  of 37Ar by 
taking severa l  samples o f the exhaled breath at various times a f t e r  
i r r a d ia t io n  (Le 75, Oz 76). I t  was found that the excretion  curve could be 
described by a double exponentia l equation. The values each group found
fo r  the ha lf -d isappearance  times were 27 min and 16 min re sp ec t iv e ly  fo r  the
• db »fa s t  component and 156 mm and 30 10 hr re sp e c t iv e ly  f o r  the slow component.
I t  was apparent that 37Ar excretion  is  r e la t i v e ly  rap id  with 96-98% 
of excretion  having occurred w ith in  s i x  hours a f t e r  the i r r a d ia t io n .  I t  is  
conjectured that the f a s t  excretion  component may be derived  p r im ari ly  from 
trabecu la r  bone which has a r e l a t i v e ly  h igh blood f low , e x t r a c e l lu la r  
volume, and active  bone su r face .  Thus, the 37Ar produced in  th is  bone would 
be qu ick ly  de live red  to the lungs. Conversely c o r t i c a l  bone may be 
responsib le  fo r  the slow component.
-  3 7  -
B ig le r  et a l .  designed a f a c i l i t y  to implement this technique  
using cyclotron  produced neutrons (B i  73) and they discovered that breath  
ana lys is  y ie ld ed  a 60% to ta l  f r a c t io n a l  re lease  (B i 74) .^
The e f f e c t  of age dependence in  the trapping o f  argon by bone c ry s ta l  
was studied  and argon retention  was found to increase from approximately  
20 to 40% in human specimens over an age range o f 7 to 66 years (B i 75). 
Analysis  o f  exhalation  data revea led  that , o f  the non-trapped f ra c t io n ,
82% o f  a c t iv i t y  l e f t  the body with a h a lf -d isappearance  time o f 40 min and 
the remaining 18% was exhaled w ith  a 200 min ha lf -t im e  (B i 76).
In an attempt to understand the p h y s io lo g ic a l  fac to rs  that determine 
the shape of the exha lation  curve, B e l l  et a l .  tested a th eo re t ic a l  
compartmental model aga inst  experimental data obtained using intravenously  
in jec ted  in e r t  gas . The model was then extended to simulate argon re leased  
slow ly  from a bone compartment (Be 79).
S im i la r ly ,  Leach et a l .  examined the re lease  o f  argon from bone 
samples in  v i t r o .  F i f t y  percent o f  the 37Ar was found to escape with a 
h a lf - t im e  o f  2 -2 ,5  minutes and of the remainder 33% was reta ined  in c o r t ic a l  
bone and 28% in t rabecu la r  bone (Lea 79). Studies r e la t in g  to the re lea se  
o f argon from bone are d i f f i c u l t  to in te rp re t  at present but the v a l i d i t y  
o f the technique is  demonstrated by the h igh degree o f  c o r re la t io n  found 
between i t  and the more conventional thermal neutron capture method.
Lewellen et a l .  studied a group o f th irteen  pat ien ts  to determine 
the co rre la t ion  between measurements made with the 37Ar f a c i l i t y  using  
14 MeV neutrons and measurements made with the 49ca system using cyc lotron  
produced neutrons. The dose o f  10 m rad received  on the 37Ar measurement
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ensured that e f f e c t i v e ly  no extra  dose was being given to p a t ien ts .  The 
data on a l l  cases was w e l l  described  by a l in e a r  re la t io n  with a
co rre la t ion  c o e f f ic ie n t  o f  0.96 and 0.98 fo r  the 0-1 and 0-3 hour
I
c o l le c t io n  per iods .
Further, the re p ro d u c ib i l i t y  o f  the system, as determined from 
r e p e t i t iv e  measurements on vo lun tee rs ,  was shown to be ± 3.3% fo r  the one 
hour c o l le c t io n  in te rv a l  and ± 2.4% f o r  the three hour c o l le c t io n  in te rv a l  
(Le 79b) .
The accuracy and r e p ro d u c ib i l i t y  o f  to ta l  body calcium measurements 
have permitted long term stud ies  o f the e f f e c t s  o f  various d iseases on the 
sk e le ta l  s ta tu s .  The e f f e c t  o f dysfunction o f  the parathyroids (Ho 72,
Co 73) and the e f f e c t  o f  chronic rena l f a i l u r e  (De 73, Ha 77) have been 
stud ied . Acromegaly (A l  72) and osteomalacia (Ha 76) have been in vest iga ted  
and the e f f e c t  o f various therapies in the treatment o f  P a g e t ’ s d isease
(Wa 75) and Cushing’ s syndrome (A l  74) evaluated.
Most research e f f o r t  has been concentrated on in ves t ig a t ion s  o f  
osteoporosis  (Me 77) and long term stud ies  o f  the e f f i c a c y  o f  d i f fe r e n t  
therapies have produced very u s e fu l  c l i n i c a l  in formation (Ch 79, Ha 79).
2.4 Body Phosphorus Measured V ia  the Fast Neutron Induced Reaction
31P ( n , a ) 28Al
Nelp et a l .  found that the Ca/P r a t io  in  human bone, as determined 
from a chemical ana lys is  o f  cadavers , was constant (Ne 72). This suggested ,  
the p o s s i b i l i t y  o f  using phosphorus as a subst itu te  fo r  calcium in measuring
bone mass since the dose requ ired  i s  only approximately one tenth o f  that
needed fo r  a calcium measurement f o r  equal s e n s i t i v i t y .  Although the
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reaction  used, ( 31P(n  a ) 28A l ,  t , = 2.8 min, E = 1 .7 8  MeV), has a th res -
2 Y
hold energy o f about 2 MeV and therefore  requires f a s t  neutrons, i t  is  
p o ss ib le  to obtain  acceptable  un iform ity o f  a c t iv a t ion  throughout the 
body (Pa 72b', E l 78) .
The main disadvantage o f  the method is  that approximately one tenth of  
the to ta l  body phosphorus i s  n on -ske le ta l  requ ir in g  that a correction  is  
made to to ta l  body measurements. I t  has been suggested that the apparently  
good co rre la t io n  between to ta l  body potassium and n on -ske le ta l  phosphorus 
could be used to correct to ta l  body values (Pa 72b).
The measurement o f  phosphorus in pe r iphe ra l  regions where the r a t io  
of bone to s o f t  tissue  is  high is  therefore  seen to be a t t r a c t iv e .  Maziere  
et a l . measured the phosphorus and calcium content o f  the hand as mentioned 
in section  2 ,3 .2 .  Boddy et a l . demonstrated that s a t is fa c to ry  r e p ro d u c ib i l i ty  
could be achieved in  sequen tia l measurements using iso  topic  neutron sources  
to measure the phosphorus content at a p e r iphe ra l  s i t e  such as the ankles  
or a hand (Bo 73c).
In general however phosphorus measurements have not found a very wide 
app lic a t ion .
The measurement o f  bone mass by photon attenuation or sca tte r in g  in  
per iphera l  bones has provided much add it ion a l information and a f u l l  
discussion  o f these techniques w i l l  be given in chapter 7.
2.5 Total Body Sodium and Chlorine Measured Via the Thermal Neutron 
Capture Reactions 23N a (n ,y ) 2lfNa and 37C l (n ,y )  38C1
The pre lim inary  conclusions o f  Anderson e t  a l .  (An 64) that to ta l  
body sodium and exchangeable sodium were e s s e n t ia l ly  equal seemed to
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in v a l id a te  the use of IVNAA fo r  the study o f  body e le c t ro ly te s  since the 
same information could be obtained by standard isotope d i lu t io n  techniques. 
However, subsequent studies showed that this con c lu s io^  was f a l s e  and that 
a non-exchangeable sodium compartment did e x is t .  Simultaneous to ta l  body 
sodium measurements by IVNAA and exchangeable sodium measurements by i s o ­
topic d i lu t io n  were ca rr ied  out on sheep and swine (Jo 70) and a lso  on 
human volunteers (Ch 68),
2lfNa is  produced from s tab le  23Na by thermal neutron capture. I t  has 
a h a l f - l i f e  o f  15 hours and y -ray s  o f 1.38 and 2.76 MeV. Rudd et  a l .  
measured the non-exchangeable sodium in f iv e  normal sub jects  (Ru 72a, Ru 72b). 
The sub ject  was given a to ta l  body neutron i r r a d ia t io n  and a f t e r  a delay  
o f f iv e  hours, to a llow  induced a c t iv i t y  due to isotopes other than 2l|Na 
to decay away, the induced 2ltNa a c t iv i t y  was counted using a whole body 
counter. Forty e ight hours la t e r  an exchangeable sodium measurement was 
made which a llowed the non-exchangeable f ra c t io n  to be estimated. Results  
ind icated  that approximately 27% of the body sodium is  non-exchangeable.
This r e s u l t  was substant iated  through measurements made by E l l i s  e t  a l .  o f  
the absolute le v e ls  o f  to ta l  body sodium and to ta l  body ch lorine  in 81 
normal adults (E l  76). Chlorine is  measured by means of the induced 38Cl 
a c t iv i t y  produced by thermal neutron capture on s tab le  37C1. 38C1 has a
h a l f - l i f e  o f  37.7 min and y -rays  of 1.6 and 2,15 MeV.
Thirty  nine o f the sub jects  were males with ages ranging from 30-90 years  
and 42 were females w ith  ages ranging from 30-80 years . The study was aimed 
at prov id ing  ba se line  data fo r  abso lute  normal values o f  e le c t ro ly te s  o f the 
body in terms o f  age, sex and body hab itus ,  The mean to ta l  body sodium and 
to ta l  body ch lorine  va lues in each decade were r e l a t i v e ly  constant over the
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entire  range fo r  males and up to s ix ty  years o f  age fo r  females. The mean 
value of to ta l  body sodium in  g/Kg o f  body weight was found to be h igher  
fo r  males (1.078 ± 0.106) than f o r  females (0.976 ± 0 .133 ).  Although  
the ra t io  o f to ta l  body sodium to to ta l  body calcium was approximately  
the same fo r  both sexes from 30 to 60 years o f  age, the r a t io  increased in  
women over 60 years of age r e f l e c t in g  the post menopausal loss of to ta l  
body calcium.
The quantity  of body sodium in excess of that associated  with the 
chlorine  space was found to be l in e a r ly  re la ted  with to ta l  body calcium  
demonstrating that a la rge  f ra c t io n  of body sodium is  in bone. I t  
represents approximately 27% of the to ta l  body sodium fo r  males and 23% 
of the to ta l  body sodium fo r  females. Regarding the p red ic t ion  of b a se l in e s ,  
the h ighest co r re la t io n  was found by expressing  to ta l  body sodium as a 
l in e a r  combination o f  to ta l  body potassium and to ta l  body calcium.
Hosking et a l ,  made s e r i a l  measurements o f  t o ta l  body calcium and 
to ta l  body sodium in s ix  pat ien ts  be ing  treated  fo r  osteom alacia, ' using TB 
IVNAA. As the to ta l  body calcium rose there was a f a l l  in  the non­
exchangeable sodium pool in bone and i t  was conjectured that sodium was 
d isp laced  from the bone matrix  and perhaps even from s i t e s  in hydroxyapatite  
c ry s ta ls  xfliere i t  had been substitu ted  fo r  calcium (Ho 72).
Wallach et a l ,  noted the discrepancy between to ta l  body sodium and 
to ta l  body ch lorine  va lues in s e r i a l  measurements on p at ien ts  having  
ca lc iton in  therapy fo r  the treatment o f  P age t 's  d isease . The loss  of non­
exchangeable sodium supported the b e l i e f  that c a lc iton in  causes a loss  o f  
p agetic  skeleton (Wa 75).
Total body sodium was found to be higher on average in  uremic pat ien ts  
than in normals (Co 72b ).
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I t  is  now common p rac t ice  in IVNAA to measure the elements Ca, P, 
and Cl simultaneously.
Battye et a l .  (Ba 67, Ba 71) had drawn attention  to the systematic  
errors  a r is in g  from in te r fe rences  which could be introduced using 14 MeV 
neutrons to analyse Ca, P, Na and Cl. The y - ray  a c t iv i t y  induced in  
a man-like phantom, containing known amounts o f  d i f f e r e n t  chemical compounds 
sim ulating t is su e ,  was analysed by comparison w ith  s ix  standard spectra ,  
each obtained by i r r a d ia t in g  the same model containing only one of the 
body elements. In the case o f  sodium, ch lorine  and phosphorus the e r ro r  
between the measured amount o f  the element in  the phantom and the true 
value was la rge r  than would be expected on the bas is  o f  counting s t a t i s t i c s  
a lo n e .
The fa s t  neutron reactions which are l ik e ly  to cause some in te r fe ren ce  in  
measurements o f  Ca, Na and C l are shown in  Table 2.2. Newton et a l .  suggested  
that the problem could be so lved by using neutrons of lower energy than 
14 MeV provided that the energy was s u f f i c i e n t ly  high to y i e ld  reasonable  
uniformi'ty o f  f lu x  with  depth (Ne 69 ).  However, W illiam s et  a l .  showed that 
i t  is  qu ite  f e a s ib le  to determine the amounts o f  Ca, P, Na and Cl with good 
accuracy and re p ro d u c ib i l i t y  using 14 MeV neutrons (Wi 78). A c a l ib ra t io n  
was estab l ish ed  using three anthropomorphic phantoms representing  a range 
o f body habitus .
Energy ranges are sp e c i f ie d  to include the photopealc region  o f the 
p r in c ip a l  gamma ray energy from each isotope o f  in te re s t .  The contribut ion  
o f each element in every energy range, r e la t iv e  to i t s  own photopealc reg ion ,  
i s  obtained by counting a phantom containing that element only. A knowledge 
o f these count ra t io s  enables an unknoxm spectrum to be evaluated by le a s t
2 • 6  I n t e r f e r i n g  R e a c t i o n s
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R e a c t io n
T h r e s h o ld
meV
y r a y  e n e rg y  
meV H a l f - l i f e
P r i n c i p a l  e le m e n t  
a f f e c t e d
37C l ( n , p ) 37S 3 . 4 3 . 1 5 . 0 6  m C a lc iu m
24M g ( n , p ) 24Na 4 . 7 2 . 7 5 15 h Sodium
41K ( n , « ) 30Cl 0 . 1 2 . 1 7 E
COr-i Ch l o r i  Dt1
39K ( n , 2 n ) 3aK 13.  1 2 . 1 7 7 . 7  m Ch 1 u r i n e
T a b le  2..  2 : Fa s t  n e u t r o n  r e a c t i o n s  c a u s in g  i n t e r f e r e n c e  w i t h  measurements o f  Ca, Na and C l .
squares an a ly s is .  Corrections can be made fo r  the in t e r fe r in g  reac t ions .
C a l ib ra t ion  fac to rs  were obtained fo r  each element in the three  
d i f fe r e n t  phantoms containing mixtures o f  the p r in c ip a l  a c t iv a ta b le  elements 
in man. The r e p ro d u c ib i l i ty  va r ied  from ± 1.8% (SD) fo r  phosphorus., to 
± 4.1% (SD) fo r  calcium and ch lor ine .
I t  was estimated that a systematic e r ro r  o f  ± 10% in the 37S correction  
would be re f le c t e d  as a ± 0.8% e r ro r  in the calcium r e s u l t .  S im i la r ly ,  an 
uncertainty of ± 30% in the magnesium correc t ion , based on the amount in  
standard man, would re su lt  in  a ± 1% e r ro r  in the estimation of sodium. The 
potassium measurement used to correct  the chlorine re su lt  has an uncerta inty  
of less  than ± 5% and even a ± 10% e r ro r  in  this would change the ch lorine  
r e su lt  by only 0.4%.
The v a r ia t ion s  in c a l ib r a t io n  fa c to r  between phantoms were less  than 
10% and i t  was concluded that l i t t l e  advantage would be gained by using more 
phantoms,
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The average uncerta inty  in abso lute  measurements, taking into account 
a l l  fa c to r s ,  was found to be ± 4.2% fo r  a 68% confidence in te rv a l .
The group at Leeds have c a l ib ra te d  th e ir  TBIVNAA system using f i f t e e n  
s p e c ia l ly  designed and constructed phantoms with weights ranging from 40 Kg 
to 83 Kg and heights from 140 cm to 190 cm. The phantoms are constructed  
from a number of polythene tubes with  d i f f e r e n t  lengths and diameters. The 
tubes are f i l l e d  w ith  so lu tions  or s lu r r i e s  to simulate s o f t  and sk e le ta l  
t issues  re sp e c t iv e ly ,  based on t is sue  elemental composition data fo r  
re ference man. The tubes are combined in d i f f e r e n t  ways to achieve the 
des ired  human shape (Sh 79).
2.7 Tota l Thyroidal Iodine Determined V ia  the 127I ( n , y ) 128I  Reaction
Lenihan suggested that the to ta l  quantity  o f iodine in  the thyroid
gland could be measured by inducing 128I  a c t iv i t y  through neutron capture
in s tab le  127I ,  128I  has a h a l f - l i f e  of 24.99 m and a y - ray  o f  441 lceV
which can be detected e x te rn a l ly  to the body using a s c in t i l l a t i o n  detector  
(Le 65 ). Subsequently, Lenihan et  a l .  used completely thermalized neutrons 
se lec ted  by to ta l  r e f l e c t io n  on n ick e l  m irrors and emerging from a reac to r
guide tube, to estimate the to ta l  th yro ida l iodine in two rams (Le 67 ).
Considerations of the rap id  attenuation  of thermal neutrons with depth 
in t issue  and the n a tu ra l  in t e r - in d iv id u a l  v a r i a b i l i t y  o f  thyroid  s ize  and 
p os it ion  in the neck led  the authors to conclude that uniform ity o f  
act iv a t ion  could not be achieved. They therefore  suggested the use of 129I  
as an in te rn a l  standard. On exposure to thermal neutrons 128I  y ie ld s  the
rad ioac t ive  isotopes 130mI ( x i  = 9.2 m) and 130I ( x i  = 12,5 h) which emit
2 2
various y -ray s  in  the energy region  0.41-1,15 MeV. I t  was suggested that
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the quantity  o f in te rna l standard in the thyroid could be determined by 
c o l le c t in g  urine fo r  the 24 h per iod  fo l low in g  adm inistration of 129i  
and assaying the 129I  excreted , assuming that the f rac t io n  not taken up 
by the thyroid  is  excreted in the u rine . An ana lysis  o f  t is sue  samples 
taken from the excised glands showed that the macroscopic d is t r ib u t io n  
patterns o f  127I and 129I  in the glands were the same.
Measurements on pat ien ts  were performed by Boddy et  a l . using a 
collim ated beam (15 cm x 7.5 cm) o f  reactor neutrons composed of thermal, 
epithermal and f a s t  neutrons (Bo 67c? Bo 68b). The induced iodine a c t iv i t y  
with depth in a neck phantom was ca lcu la ted  from experimental values o f  
thermal and f a s t  f lu x  by summing the products o f  thermal f lu x  times thermal 
c ross -sec t ion  and epithermal and f a s t  f lu x  per log  energy times resonance 
in te g ra l .  This was done with  and without a boron f i l t e r  which removes the 
thermal component o f  the beam. The presence o f  epithermal and f a s t  
neutrons in the beam leads to b e t te r  uniformity o f  a c t iv a t ion  as they become 
moderated with depth. In add it ion , although i t  is  thermal neutrons which 
induce most o f  the 128I a c t iv i t y  there is  a lso  s i g n i f ic a n t  ac t iv a t ion  in  
the resonance region  above thermal energ ies .  Using the f i l t e r e d  beam, the 
maximum va r ia t ion  in induced 1281 a c t iv i t y  was ± 6% over the range of thyroid  
gland diameters and depths encoutered in c l i n i c a l  p rac t ice  (Bo 70).
I n i t i a l l y  a thyroid monitor was designed e sp e c ia l ly  fo r  thyroid stud ies  
(Bo 67d) but subsequently i t  was found that g rea te r  s e n s i t i v i t y  could be 
achieved using a shadow-shield whole body counter.
The group at Orsay reported that w ith  the ir  f a c i l i t y  a neutron dose 
equ iva len t to 12 rem and y -ray  dose o f 2 rem would be d e l iv e red  to the skin  
of the neck in a measurement o f thyro ida l iodine (Sk 69 ). Boddy et a l .
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measured a neutron dose -equ iva len t o f 20,4 ± 1 . 1  rem and a y - ray  dose of
2.1 ± 0,7 rem. The dose to the eyes and gonads was le s s  than 200 m rem 
(Bo 69).
Boddy et a l ,  drew a ttention  to some of the p o ss ib le  drawbacks 
inherent in the use of 129I as an in te rn a l  standard (Bo 73d). The up take 
o f  129l  may vary by about a f a c to r  o f  three so that in  some pat ien ts  the 
presence o f  excess 129I  may produce la rge  in terfe rences  in  the 128I photo-  
peak from the 660 lceV and 740 lceV y -ray s  o f  130l  and the 540 lceV y -ray s  o f  
13° mI .  Conversely i f  too l i t t l e  129i  i s  present the 130mi  photopeak at  
540 keV could be obscured by the 128I .  The assumption, that the amount o f  
129I present in the thyroid is  equal to the d if fe ren ce  between the amount 
in jected  and the amount excreted in the urine over a given  time in te rn a l ,  
would have to be proved. I t  was commented that the macroscopic d is t r ib u t io n  
of 127l  and 129l  need not n ec e s sa r i ly  be equiva lent in various p a th o lo g ica l  
d iseases .  F in a l ly ,  i t  was suggested that the diameter o f  the neutron beam 
should be la rge  enough to encompass the whole o f  the gland since there is  
strong evidence o f  heterogeneity  in pa th o log ica l  conditions.
Although the c l i n i c a l  need fo r  knowledge of the amount of iodine in  
the thyroid  gland is  apparent, to date, the group at East K i lb r id e  are the 
only research workers to present data on pat ien ts .
2.8 Tota l Body N itrogen
Most o f the n itrogen  in  the body is  present as t is sue  p ro te in  and
therefore  to ta l  n itrogen  w i l l  r e f l e c t  the amount o f  p ro te in . Metabolic  
balance studies provide means o f  estim ating n itrogen  turnover (He 76, Jo 73) 
but there are many d i f f i c u l t i e s  and e r ro rs  associated  with the method. I t  
is  a very time consuming procedure and is  r e l a t i v e ly  inaccurate . Further-
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more, the to ta l  body n itrogen  has to be in fe r re d  from the information  
obtained.
2,8 .1  N itrogen measured v ia  the f a s t  neutron induced reac t ion  
1 (n ,2 n )13N
Therefore the suggestion , in  Anderson’ s seminal paper, that n itrogen
could be measured v ia  the f a s t  neutron reac t ion  ll4N (n ,2 n )13N (x , = 9.96 m,
2
Threshold = 11.3 MeV, E^ = 0.511 MeV) aroused great in te re s t .
Cohn et a l , (Co 71) and Boddy e t  a l .  (Bo 72d) presented re su lt s  o f  
nitrogen  measured by th is  method. The measurement o f  n it ro gen  depends 
upon the detection  of an n ih i la t ion  rad ia t ion  and so any other pos itron  
emitting rad io isotopes  produced by f a s t  neutron induced reactions in  t is sue  
elements w i l l  in te r fe re  w ith  the r e s u l t .  Leach et a l ,  (Le 77) examined 
the r e la t i v e  contributions o f  various in t e r fe r in g  reactions to the 
n itrogen  determination by i r r a d ia t in g  a phantom (20 x 30 x 39 cm) with  
14 MeV neutrons. Table 2.3 shows the percentage in te r fe rences  introduced  
by the various reac t ions .  Percentage in te r fe rences  are used in  the sense 
o f counts from the in t e r fe r in g  element alone as a percentage o f counts from
nitrogen  a lone, both normalized to re ference  man elemental composition
lk 1 3
N (n ,2n ) N reaction  (Le 77).
The in te r fe ren ce  due to 30P can be a llowed fo r  e i th e r  by w a it in g  
u n t i l  th is  a c t iv i t y  disappears or by making some correction  from a knowledge 
o f 28A i  a c t iv i t y  induced v ia  the reac t ion  31P ( n , a ) 28A1. A much more serious  
in te r fe rence  is  that produced by the lcnoclc-on protons from hydrogen on 
oxygen, since the product o f  th is  reac t ion  i s  in d is t in g u ish a b le  from that 
produced in the n itrogen  reac t ion .
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E lem ent R e a c t io n H a l f - l i f e Chemica l  f o r a
P e rc e n t a g e  
I n t e r f e r e n c e  
6 m c o o l
P e rc e n ta g e  
I n t e r f e r e n c e  
23 ni cool
N 14N ( n , 2 n ) 13N 9 . 9 6  m n h4 n o 3
0 160 ( p  , a )  1 3N 9 . 9 6  m h 2o 19 t  1 19 * 1
P 3 l P ( n , 2 n ) 30P 2 . 5  m p 8 . 4  i  0 . 9 0 . 2 5  * 0 . 0 0 3
K 39K ( n , 2 n ) 30mK 7 . 7  m 2 2 3
1 . 1 5  + 0 . 0 4 0 . 8 2  * 0 . 0  3
Cl 35C l ( n , 2 n ) 34mCl 32 ra NaCl 0 . 8 0  t 0 . 0 1 1 . 8 0  ! 0 . 0 2
Zn 6 4 Z n ( n , 2 n ) 6 *Zn 38 » Zn 0 . 1 4  i  OIOOI 0  . 34 1 0  .0 1
C No d e t e c t a b l e  a c t i v i t y (CH2) n
T a b le  2 . 3  : R e a c t io n s  i n t e r f e r i n g  w i t h  the  d e t e r m i n a t i o n  o f  n i t r o g e n  v i a  the  f a s t  n e u t r o n  induced  r e a c t i o n ,
14N ( n , 2 n ) l 3 N.
The Leeds group attempt to a llow  fo r  th is  major in te r fe rence  using  
a regress ion  based on the s u b je c t s ’ height and weight (Ox 78), They are 
aware o f  the l im ita t ions  o f  th is  type o f  correction  and are in the process  
o f  developing a method fo r  estim ating to ta l  body oxygen d i r e c t ly .  W illiam s  
and Boddy (Wi 78) have implemented a method of determining to ta l  body oxygen. 
The pat ien t  is  i r r a d ia te d  with 14 MeV neutrons and the oxygen content can be 
estimated by counting the 6,13 MeV y - ra y  o f  16N which is  induced v ia  the
reaction  160 ( n , p ) 16N. The h a l f - l i f e  is  short (x i = 7.11 s) but the pat ien t
2
can walk from the i r r a d ia t io n  f a c i l i t y  to the whole body counter in  about 
th ir ty  seconds. The authors pointed out that a determination of to ta l  body 
oxygen, in add it ion  to co rrec t ing  a n itrogen  measurement, i s  a lso  o f  c l i n i c a l  
relevance in i t s e l f .  Tota l body water can be estimated from a measurement o f  
to ta l  body oxygen by subtracting  the oxygen content o f  other t issues ca lcu la ted  
on the bas is  o f  sk in fo ld  measurements f o r  f a t  mass and calcium measurements 
fo r  sk e le ta l  mass.
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2.8.2 N itrogen measured by means o f  the prompt y -rays  r e su lt in g  
from thermal neutron r a d ia t iv e  capture
An a lte rn a t iv e  method of measuring n itrogen  was suggested by B igg in  
et a l .  (B i 72). Neutron capture by any element re su lts  in  the formation  
of a compound nucleus. The compound nucleus de -exc ite s  in  the order Of 
K T ^ - I O ” 16 seconds by the emission o f a la rge  number o f  y - ray s  o f  various  
energies and the daughter product may be s tab le  or rad ioac t ive .  On thermal 
neutron capture by 14N, in  the llfN ( n , y ) 15N reac t ion , about 15% o f  the 
excited  *5N nuc le i decay d i r e c t ly  to the ground state  by the emission of
10.8 MeV y - ray s .  These prompt y -ray s  can be detected by la rge  volume N a l (T l )  
detectors . One maj.or problem is  that there is  a very high background of  
prompt y -rays  a r is in g  from neutron capture in sh ie ld in g  m ater ia ls  and the 
detectors . There is  a fu rth er  contribut ion  from y -rays  produced in neutron  
in e la s t i c  sca tte r in g  with  sh ie ld in g  m ater ia ls  and the body. Although a l l  
these y -rays  have energies which are less  than the 10.8 MeV y -ray  o f  n itrogen  
they present serious pu lse  p i le -u p  problems in la rge  d e tec to rs .  Therefore  
the detectors are kept c le a r  o f the neutron beam and w e l l  sh ie lded  from y -rays  
by lead and from thermal neutrons by L iF . The in e la s t i c  y - ray  contribution  
can be discrim inated aga inst  i f  the neutron source can be pu lsed . Fast  
neutrons take about 15 ys to slow down to thermal energ ies during which time 
the in e la s t i c  y -ray s  are produced. The neutrons then d i f fu s e  in  the body 
fo r  seve ra l  hundred microseconds, being captured and producing prompt y - ra y s .  
There fore , by pu ls in g  the neutron beam and switching o f f  the ana lyser during  
the slowing down per iod  the in e la s t i c  y -ray s  can be e f f e c t i v e ly  d iscrim inated  
aga in st .
Harvey e t  a l .  (Ha 73) using cyclotron  produced neutrons presented  
re su lts  o f  s e r i a l  studies on s ix ty  f i v e  pat ien ts  with various d iseases .
The o v e r a l l  c o e f f i c i e n t  o f  v a r i a t i o n  w as  2% f o r  a  d e l i v e r e d  d o s e  o f  0 . 1  rem .
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Mernagh et a l .  designed a f a c i l i t y  which allowed a b i l a t e r a l  
i r r a d ia t io n  of the p a t ie n t 's  trunk by four collim ated 5 Ci Pu-Be neutron  
sources. The 10.8 MeV y -ray s  are detected by two h eav i ly  sh ie lded  N a l (T l )  
detectors (Me 77a) . The s t a t i s t i c a l  e r ro r  o f  a n itrogen  measurement was 
shown to be 3% (ISD) fo r  a 50 m rem dose.
Absolute measurements o f  to ta l  body n itrogen are made by Cohn et  a l ,
(Co 79) using 85 Ci o f  Pu-Be and two 15.2 x 15.2 cm N a l (T l )  detectors .
Correction  fo r  body thickness is  achieved by using the 2,22 MeV prompt y -
ray from simultaneously measured hydrogen as an in te rn a l  standard (Ka 78).
Whole body n itrogen  and whole body potassium g ive  a good in d ica t ion  
of the degree o f  wasting of the lean body t issues  in various d iso rd ers .  
James et a l .  have measured these parameters fo r  pat ien ts  w ith  a v a r ie ty  o f  
n u t r i t io n a l  or endocrine d isorders  (Ja 79).
Burlcinshaw et a l ,  proposed that to ta l  body n itrogen  and potassium  
measurements could be used to estimate the amount o f  muscle in  the body 
since the r a t io  of the concentration  of potassium to n itrogen  has d i f fe r e n t  
values in muscle and non-muscle (Bu 79).
The Leeds and East K i lb r id e  groups have measured Ca, P, N, K, Na and 
Cl simultaneously in c r i t i c a l l y  i l l  po s t -ope ra t ive  pat ien ts  and pat ien ts  
with chronic renal f a i lu r e  re sp e c t iv e ly  (H i 79, Wi 79). This enables a 
comprehensive p ic tu re  to be obtained o f  body composition in d isease .
2.9 Cadmium in the L ive r  and Kidneys
The measurement o f  prompt gamma rays has been employed with good 
success to the determination o f  Cd concentrations in kidney and l i v e r .  
Cadmium finds widespread use in many d i f f e r e n t  in d ustr ie s  and i t s  to x ic i ty
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represents a health  hazard to anybody accumulating excessive  body burdens. 
Cadmium is  absorbed through the lungs or the g a s t r o - in t e s t in a l  t ra c t ,  
becomes bound to a c a r r ie r  p ro te in , m eta llo th ion ine , and i s  s e le c t iv e ly  
concentrated in the l i v e r  and kidneys. The b io lo g i c a l  h a l f - l i f e  o f  
cadmium is  o f the order of decades so a continuous low le v e l  exposure can 
lead to an excessive  body burden. The normal range of cadmium concentration  
in the kidney is  10-25 yg g_1 and in the l i v e r  1-5 yg g_1 (Cu 70). These 
concentrations can r i s e  to over 200 yg g " 1 in  in d u s t r ia l  workers exposed 
to cadmium. Relationsh ips between cadmium accumulation and d iseases  
such as lung carcinoma and hypertension and a r t e r io s c le r o t ic  heart d isease  
are somewhat con jec tu ra l .  However, se r ious  cadmium accumulations a r i s in g  
from unrecognised cadmium contamination o f r ic e  paddies re su lted  in many 
deaths from osteomalacia in  the inhabitants o f  Toyoma in Japan (Ts 69) .
Blood and urine cadmium le v e ls  bear  l i t t l e  re la t ion sh ip  to tox ic  e f f e c t s  
so there was a need fo r  a method o f  analysing  Cd concentrations in t is sue  
in  v ivo .
I t  is  fo rtunate  that cadmium has a huge c ro ss -sec t io n  fo r  ra d ia t iv e  
neutron capture of about 2450 barns , A 559 keV prompt gamma ray i s  emitted  
in 80 out of a hundred thermal neutron capture events in n a tu ra l  cadmium.
I t  re su lts  from the d e -ex c ita t io n  o f  from the f i r s t  exc ited  state  to the
ground state  fo l low in g  neutron capture in 113Cd (thermal neutron capture  
c ross -sec t io n  = 2 x lO^b, iso to p ic  abundance = 12.3%). The presence o f  
in t e r fe r in g  y -ray s  a r i s in g  from an n ih i la t ion  events and a c t iv a t ion  of the 
lead sh ie ld in g  the detector and d i f f e r in g  only s l i g h t ly  in  energy requ ire  
the use o f  a G e (L i )  detector o f  good energy re so lu t ion .  Using a G e (L i )  
detector the ann ih ila t ion  ra d ia t ion  is  w e l l  reso lved  from the 559 keV y -ray  
of cadmium but there are other p o s s ib le  in te r fe rences  which must be e lim inated .
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Unless the detector i s  w e l l  sh ie lded  from neutrons there w i l l  be some 
565 keV y -rays  re su lt in g  from d e -ex c ita t io n  of the f i r s t  exc ited  state  
of 76Ge produced by in e la s t i c  neutron s ca t te r in g  in the detector. The
production of 207raP b (x l = 0 . 8  s ) y ie ld s  569 lceV y -ray s  so that bismuth and
2
tungsten a l lo y  are used as sh ie ld in g  instead  o f  lead . Although a G e (L i )  
detector o f  good energy re so lu t ion  can separate these two y - ray  energies  
from that o f  cadmium they neverthe less  contribute  to the background under 
the 559 keV photopealc and so decrease the s ign a l  to noise  r a t io .
McLellan et a l .  showed that fo r  a dose of 0 .4  rem the detection  l im it  in  
a l i v e r  s ized  phantom was 0.5 yg g-1 (Me 75). In a subsequent study i t  was 
c le a r ly  demonstrated that pat ien ts  exposed to cadmium in industry had much 
higher l i v e r  cadmium concentrations than pat ien ts  who had not been exposed 
to cadmium (Ha 75).
In order to be ab le  to monitor in d u s t r ia l  workers at th e ir  p lace of  
employment the Birmingham group designed a portab le  system using a 10 Ci 
238Pu-Be neutron source.
A s im i la r  is o to p ic  f a c i l i t y  at Brookhaven using 85 Ci o f  Pu-Be and 
two la rge  volume G e (L i )  detectors enables l i v e r  cadmium concentrations of  
as low as 1.8 yg g-1 to be determined fo r  a lo c a l i s e d  dose o f  670 m rem.
The composite s e n s i t i v i t y  o f  thermal neutron f lu x  and y - ra y  detection  
e f f ic ie n c y  was found to be non-uniform over the dimensions o f  the l i v e r  so 
that absolute  values of cadmium content were only obtained fo r  the kidney  
where s e n s i t i v i t y  was uniform. The detection  l im it  is  2 mg fo r  the kidney  
fo r  the same dose (Va 77, El 78).
Evans e t  a l .  at Swansea use a f a c i l i t y  based on 200 yg o f  252Cf 
(4 .6  x 108n s” 1) to estimate the amount o f  cadmium in the l e f t  kidney. The
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composite s e n s i t i v i t y  o f  the system response is  dependent on lcidney 
pos it ion  so this i s  determined by ultrasound scanning. The detection  
l im it  o f  th is system is  3.5 mg (2 s .d )  fo r  an organ dose o f  300 m rem 
(Ev 78, Ev 79).
One major problem in cadmium poison ing is  to decide at what le v e l  
of cadmium accumulation is  the in d iv id u a l  l ik e ly  to experience de le te r iou s  
b io lo g i c a l  e f f e c t s .  Recently Chettle  (Ch 79) presented r e su lt s  which 
ind icate  that when l i v e r  Cd exceeds a c r i t i c a l  threshold  o f  about 50 ppm 
then the concentrations of 3_ 2 in b lood r is e s  steep ly .  3~2 is  a small 
molecular p rote in  in d ica t iv e  o f  kidney damage.
The measurement of Ca, P, Na, C l ,  N, K and 0 in body composition  
studies can now be considered as routine . I  and Cd can a lso  be measured.
There are many other elements o f  c l i n i c a l  in te re s t  some o f which 
have been in vest iga ted  by the various research groups.
2.10 Other Elements Which Can Be Measured by IVNAA
2 .10.1 Hydrogen
Rundo and Bunce (Ru 66) f i r s t  suggested the p o s s i b i l i t y  o f  determining  
body hydrogen by measurement o f  the prompt 2.22 MeV gamma rays re su lt in g  
from thermal neutron ra d ia t iv e  capture by hydrogen. Phantom stud ies c a rr ied  
out by Carlmark and Reizenstein  (Ca 72) ind icated  that to ta l  body hydrogen 
could be estimated with an o v e ra l l  c o e f f ic ie n t  of v a r ia t io n  o f 2.9% fo r  a 
dose o f  less  than 3 m rem. They proposed that to ta l  body water could be 
in fe r red  from to ta l  body hydrogen provided a correction  was made fo r  the 
hydrogen in f a t  by estim ating to t a l  body f a t  from sk in fo ld  measurements.
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Kasperek and Spyrou (Ka 78) suggested that hydrogen could be used as an 
in te rn a l  standard fo r  the determination o f  n itrogen  making use of prompt 
gamma r a y s .
2.10.2 Iron
Iron adm inistration  to pat ien ts  su f fe r in g  from anemia induced by rena l  
f a i lu r e  can re su lt  in very high overloads o f  iron  in the l i v e r .  Oxby 
ca lcu lated  that iron in the l i v e r  might be detectab le  v ia  the f a s t  neutron  
reaction  56F e (n ,p )56Mn. The rad io iso tope  56Mn has a h a l f - l i f e  of 2.5 h 
and emits 847 keV y -ray s  (Ox 72).
Pre lim inary  stud ies  by Chettle  (Ch 79) ind icate  that measurement of  
the 841 keV y -ray s  r e su lt in g  from neutron in e la s t i c  sc a t te r in g  on Iron  
may prove a more se n s it iv e  technique. I t  was fu rth er  suggested that the 
method o f nuclear resonance s c a t te r in g  should be in ves t iga ted .  A p r a c t ic a l  
problem o f th is technique is  that there is  about a 20 eV d i f fe ren ce  between 
the emission and absorption  energ ies due to r e c o i l  lo s se s .  However, an 
overlap between the emission and absorption  l in es  can be obtained using  
ra d io -a c t iv e  decay induced Doppler broadening of the emission l in e .  The 
Auger e lectrons shed a f t e r  a nucleus has decayed by e lec tron  capture 
re su lts  in a p o s it iv e  charge on the atom. I f  the atom is  p art  o f a molecule  
the charge is  shared among the constituent atoms and the r e su lt in g  coulomb 
repu ls ion  leads to fragmentation o f  the molecule. I t  is  the r e c o i l  produced 
by th is fragmentation which produces Doppler broadening o f  the emission l in e .  
I t  was estimated that using gaseous 56Co Br^ i t  would be p o s s ib le  to measure 
0.3 g o f  Iron  in  the l i v e r  f o r  a lo c a l  dose of 1 rem.
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2.10.3 Copper
The Birmingham group a lso  explored the p o s s i b i l i t y  of measuring 
copper in the l i v e r  by this method. Gaseous Zn l2 was used as the emission  
source; the emitted y -ray  is  a r e s u l t  o f  d e -exc ita t io n  o f the second excited  
state  of copper to the ground s ta te  fo l low in g  e lectron  capture by 65Zn.
Using 10 m Ci of 65ZnI2 the detection  l im it  fo r  d isso lved  copper in  a l i v e r  
phantom was 2 g ± 0.7 g (ISD) fo r  a dose of 220 m rad. E xtrapo la t in g  th e ir  
re su lts  the authors concluded that the detection  l im it  could r e a l i s t i c a l l y  
be reduced to 0.3 g fo r  a dose o f  1 rad (Va 76). This compares favourab ly  
with the re su lts  obtained by A l -T ik r i t y  f o r  determination o f  l i v e r  copper 
by IVNAA. Using IVNAA 0.3 g o f  Cu can be detected with a p re c is io n  o f ± 30% 
f o r  a dose o f 5 rem (A l  76 ). One disadvantage o f  the NRS technique is  that 
i t  requ ires  a d i f f e r e n t  source fo r  each element to be measured un like  IVNAA 
which can be app lied  to a v a r ie ty  o f  elements.
A measurement of hepatic  copper would be of g reat  c l i n i c a l  use fo r  
pat ien ts  w ith  b i l i a r y  c i r rh o s is  or  W ilso n ’ s d isease . In th is l a t t e r  d isease  
l i v e r  copper can r i s e  from a normal va lue  o f  about 0.02 g to the order o f  
0.5 g.
The p o s s i b i l i t y  of measuring Zn using 66Ni as a source was a lso  
suggested.
2.10.4 Aluminium
Jordan et a l .  (Jo 79) c a rr ied  out a f e a s i b i l i t y  study o f  determining  
aluminium in the l i v e r  by IVNAA. D ia ly s is  encephalopathy r e su lt s  in an 
increased aluminium load in the l i v e r .  A s t a t i s t i c a l  accuracy o f ± 4.4% 
( c o e f f i c i e n t  o f  v a r ia t io n )  was achieved f o r  100 times the l i v e r  aluminium 
concentrations given by the ICRP f o r  a dose o f  5 rem.
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Dombrowslci et a l .  determined the amount o f  magnesium in ra ts  using
reacto r  produced neutrons. The 0.842 MeV y -rays  from 27Mg(T, - 9 . 5  min)
2
induced v ia  the thermal neutron reaction  26M g (n ,y )27Mg x^ere measured.
25Mg comprises eleven percent of body magnesium. I t  was found necessary  
to use a G e (L i )  detector in order to reso lve  the 0.847 MeV peak o f  56Mn 
from the 0.842 MeV peak o f  29Mg. The amount of Mg determined in the ra ts  
was about 82.9 ± 3 mg and the r e p ro d u c ib i l i t y  of the technique was found 
to be ± 16%.
2.11 Trace Elements
In add it ion  to the elements which have been mentioned there are sev e ra l  
elements which are e s se n t ia l  to man in trace amounts and some which are tox ic .  
Evidence o f  e s s e n t ia l i t y  is  somewhat equivocal but i t  seems l ik e ly  that F,
S, Mg, Mn, Fe , Co, Cu, Zn, Se, Mo can a l l  be considered e s s e n t ia l .  However, 
i f  present in abnormal qu an t it ie s  these may produce a tox ic  e f f e c t .  Toxic  
e f f e c t s  are lcnox^ to be produced by Cd, Hg or Pb when the concentration o f
the element in the body exceeds a " c r i t i c a l "  va lu e .
The low concentrations o f  trace elements in t is sue  have necess ita ted  that 
any ana lys is  be ca rr ied  out in  v i t r o  employing neutron f lu xes  o f  the order  
of 1014n s '"1. Using instrumental NAA, Zn, Cd and Hg have been measured in  
kidney (L i  72) and the re la t ion sh ip  between Zn and Cd in vest iga ted  in l i v e r  
(Ch 69, Ha 75).
Selenium has been measured in blood (En 78) and f lu o r id e  has been
measured in bone biopsy samples,(Me 77a). The re la t ion sh ip  between c i r rh o s is
and the trace metal content of the l i v e r  has been studied (Hu 63 ).  M u lt i -
2 . 1 0 . 5  M a g n es iu m
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e l e m e n t a l  a n a l y s i s  o f  c a n c e r o u s  a n d  n o n - c a n c e r o u s  t i s s u e  h a s  a l s o  b e e n  
c a r r i e d  o u t  (Sa 65, Ot 79).
2 , 1 2  U n i f o r m i t y  C o n s i d e r a t i o n s  in I n - v i v o  N e u t r o n  A c t i v a t i o n  A n a l y s i s
T h e  p h i l o s o p h y  b e h i n d  a b s o l u t e  t o t a l  b o d y  n e a s u r e m e n t s  h a s  b e e n  to 
a t t e m p t  to a c h i e v e  a u n i f o r m i t y  o f  a c t i v a t i o n  and d e t e c t i o n  o v e r  the n a t u r a l  
b i o l o g i c a l  r a n g e  of b o d y  h a b i t u s .  P h a n t o m s  c an t h e n  b e  u s e d  to c a l i b r a t e
m e a s u r e m e n t s  of the e l e m e n t  of i n t e r e s t .
U n i f o r m i t y  o f  f a s t  n e u t r o n  f l u x  is m o r e  d i f f i c u l t  to a c h i e v e  t h a n
u n i f o r m i t y  of t h e r m a l  f l u x  b u t  a c c e p t a b l e  u n i f o r m i t y  of a b o u t  ± 19% R M S
c an be o b t a i n e d .
G o o d  t h e r m a l  f l u x  u n i f o r m i t y  of t h e  o r d e r  o f  ± 3% R M S  is a t t a i n e d  
u s i n g  14 M e V  n u e t r o n s  a n d  b i l a t e r a l  i r r a d i a t i o n  a l t h o u g h  the u n i f o r m i t y  
d e c r e a s e s  s a m e w h a t  for t he l o w e r  e n e r g y  i s o t o p i c  n e u t r o n  s o u r c e s .  T h e  
a m o u n t  of p r e m o d e r a t o r  n e c e s s a r y  d e p e n d s  u p o n  the n e u t r o n  s o u r c e  a n d  the 
g e o m e t r y  of the f a c i l i t y .  T h e  E a s t  K i l b r i d e  f a c i l i t y  is c o m m e n d e d  b y  the 
f a c t  th a t  it r e q u i r e s  n o  p r e m o d e r a t o r ,  e x c e p t  o v e r  the l o w e r  li m b s ,  a n d  s o  
p a t i e n t  d i s c o m f o r t  and u n e a s e  is r e d u c e d .
A n  i m p o r t a n t  c o n t r i b u t i o n  to the t r e n d  t o w a r d s  i m p l e m e n t a t i o n  of 
i s o t o p i c  n e u t r o n  s o u r c e s  w a s  the f i n d i n g  b y  V a r t s k y  a n d  T h o m a s  t h a t  the 
i n t r o d u c t i o n  of a t h i n  s h e e t  of  C d  i n t o  the p r e m o d e r a t o r  i m p r o v e d  the 
u n i f o r m i t y  of the t h e r m a l  n e u t r o n  flux. T h e  u n i f o r m i t y  o b t a i n e d  i n  a 2 4  c m  
t h i c k  p h a n t o m  u s i n g  a n  2lflA m - B e  s o u r c e  at a t a r g e t  to s k i n  d i s t a n c e  of 5 0  c m  
w i t h  3.5 cms of p r e m o d e r a t o r  w a s  ±  15.8%. I n t r o d u c i n g  a C d  s h e e t ,  0 , 3 5  g c m ”*1 
t hick, i n t o  the p r e r a oderator i m p r o v e d  t h e  u n i f o r m i t y  to ± 6.5%. O n e  c o n s e ­
q u e n c e  o f  this i m p r o v e d  u n i f o r m i t y  is  t h a t  the " s o u r c e  to s k i n  d i s t a n c e "  c o u l d  
b e  r e d u c e d  a n d  n e u t r o n  s o u r c e s  w i t h  r e l a t i v e l y  l o w e r  n e u t r o n  e m i s s i o n  c o u l d
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b e  u s e d  thus r e d u c i n g  c osts. T h e  a u t h o r s  p o i n t e d  o u t  t h a t  the a r r a n g e m e n t  
o f  p r e m o d e r a t o r  a n d  c a d m i u m  s h o u l d  b e  o p t i m i z e d  a c c o r d i n g  to the d e s i g n  
of e a c h  p a r t i c u l a r  f a c i l i t y  (Va 7 6 a ) ,
T h e  p r o b l e m  o f  a c h i e v i n g  u n i f o r m  s e n s i t i v i t y  of d e t e c t i o n  f o r  r a d i o ­
a c t i v i t y  d i s t r i b u t e d  w i t h i n  the b o d y  h a d  b e e n  e n c o u n t e r e d  in a b s o r p t i o n  
a nd t u r n o v e r  s t u d i e s  in n u c l e a r  m e d i c i n e  b e f o r e  the a d v e n t  of in v i v o  
n e u t r o n  a c t i v a t i o n  a n a l y s i s .  T h e r e  are e x c e l l e n t  r e v i e w s  of the p r i n c i p l e s  
and d e v e l o p e m e n t s  o f  w h o l e  b o d y  c o u n t i n g  (Ta 65, Re 73, C o  74a). E s s e n t i a l l y  
the p r o b l e m  is one o f  a c h i e v i n g  m a x i m u m  s e n s i t i v i t y  b y  r e d u c t i o n  of b a c k ­
g r o u n d  a n d  m i n i m u m  v a r i a t i o n  of  c o u n t i n g  e f f i c i e n c y  due to u n k n o w n  s p a t i a l  
d i s t r i b u t i o n  of i n t e r n a l  r a d i o a c t i v i t y  a nd v a r i a b l e  a t t e n u a t i o n  o f  y - r a y s  
w i t h  d i f f e r e n t  b o d y  h a b i t u s .  T h e  r e l a t i v e l y  g o o d  e n e r g y  r e s o l u t i o n  of 
N a l ( T l )  d e t e c t o r s  has led to t h e i r  u n i v e r s a l  a p p l i c a t i o n  i n  w h o l e  b o d y  
c o u n t i n g .  T h e  d e g r e e  to w h i c h  the p r o b l e m s  of b a c k g r o u n d  r e d u c t i o n  a n d 
g e o m e t r y  a n d  a b s o r p t i o n  f a c t o r s  c a n  be  e l i m i n a t e d  is l a r g e l y  d i c t a t e d  b y  
e c o n o m i c  c o n s i d e r a t i o n s .  M u l t i p l e  b a n k s  of d e t e c t o r s  i n  l o w  l e v e l  
l a b o r a t o r i e s  g i v e  v e r y  g o o d  r e s u l t s  (Co 69) a l t h o u g h  r e l a t i v e l y  g o o d  
p e r f o r m a n c e  can b e  o b t a i n e d  w i t h  s h a d o w - s h i e l d  w h o l e  b o d y  c o u n t e r s  e m p l o y ­
i ng a s c a n n i n g  p r o c e d u r e  (Bo 75).
A b s o l u t e  m e a s u r e m e n t s  r e q u i r e  t h a t  s t r i n g e n t  m e t h o d s  are a p p l i e d  to 
a c c u r a t e l y  c a l i b r a t e  the f a c i l i t y .  I n  a d d i t i o n  to u s i n g  p h a n t o m s  r e p r e s e n t i n g  
v a r i o u s  types o f  b o d y  h a b i t u s  m e a s u r e m e n t s  c a n  be c a l i b r a t e d  b y  a u t o m a t i c  
c o m p u t e r  m a n i p u l a t i o n  of e m p i r i c a l l y  d e r i v e d  g e o m e t r y  a n d  a b s o r p t i o n  f a c t o r s .  
T h e  l a r g e  v o l u m e  o f  d a t a  o u t p u t  a n d  the a c c u r a t e  a n a l y s i s  of  s p e c t r a  r e q u i r e s  
the u s e  of a d e d i c a t e d  o n - l i n e  c o m p u t e r .
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P a r t i a l  b o d y  s e r i a l  m e a s u r e m e n t s  i n  an i n d i v i d u a l  d o  n o t  p l a c e  
s u c h  s t r i n g e n t  r e q u i r e m e n t s  u p o n  u n i f o r m i t y  o f  a c t i v a t i o n  a n d  d e t e c t i o n .
In this ca s e  it is o n l y  n e c e s s a r y  t h a t  r e p r o d u c i b i l i t y  b e t w e e n  s u c c e s s i v e  
m e a s u r e m e n t s  c a n  b e  a c h i e v e d  a n d  t h a t  s e r i a l  m e a s u r e m e n t s  c a n  b e  n o r m a l i z e d .
2 . 1 3  C h o i c e  of  the N e u t r o n  S o u r c e
T h e  v a r i o u s  s o u r c e s  o f  n e u t r o n s  w h i c h  h a v e  b e e n  a p p l i e d  in I V N A A  are:
a) N u c l e a r  R e a c t o r s
b) C y c l o t r o n s
c) N e u t r o n  g e n e r a t o r s  - s m a l l  a c c e l e r a t o r s  u s i n g  d e u t e r o n s  o f  a f e w  
h u n d r e d  k e V  a nd t r i t i u m  t a r g e t s  to p r o d u c e  h i g h  f l u x e s  o f  n e u t r o n s
d) 238P u - B e  a nd 241A m - B e ,  (a,n) i s o t o p i c  n e u t r o n  s o u r c e s
e) 2 5 2 C f  s p o n t a n e o u s  f i s s i o n  s o u r c e s .
T h r o u g h  a j u d i c i o u s  c h o i c e  o f  the e n e r g y  of a c c e l e r a t e d  p a r t i c l e  a nd 
the t a r g e t  a p a r t i c u l a r  n e u t r o n  s p e c t r u m  c a n  b e  o b t a i n e d  u s i n g  a c y c l o t r o n .  
H o w e v e r , t h e  l a r g e  c a p i t a l  c o s t s  o f  t h e s e  m a c h i n e s  as w i t h  r e a c t o r s ,  p r o h i b i t s  
t h e i r  w i d e s p r e a d  u s e  a l t h o u g h  it  c o u l d  b e  a r g u e d  th a t  the c o s t  of a c y c l o ­
t r o n  c o u l d  b e  o f f s e t  b y  a l s o  m a k i n g  u s e  o f  it  f o r  i s o t o p e  p r o d u c t i o n  i n  a 
h o s p i t a l  e n v i r o n m e n t .  T h e  s m a l l  a r e a  of the e m e r g i n g  b e a m  a n d  the s o f t e n e d  
f i s s i o n  s p e c t r u m  h a v e  in a n y  c a s e  l i m i t e d  the u s e  of n u c l e a r  r e a c t o r s  to 
p a r t i a l  b o d y  s t u d i e s .
T h e  r e l a t i v e l y  l o w  e n e r g y  o f  2 5 2 Cf  p r e c l u d e s  its u s e  i n  w h o l e  b o d y  
m e a s u r e m e n t s  as a c c e p t a b l e  u n i f o r m i t y  c a n n o t  b e  a c h i e v e d  e v e n  w i t h  a 
b i l a t e r a l  i r r a d i a t i o n .
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T h e r e f o r e  the c h o i c e  o f  s o u r c e  is r e d u c e d  to e i t h e r  i s o t o p i c  (a,n) 
s o u r c e s  of m e a n  e n e r g y  4 .4 M e V  o r  the m o n o - e n e r g e t i c  14 M e V  n e u t r o n s  
p r o d u c e d  b y  n e u t r o n  g e n e r a t o r s .
C o h n  et  al. m a d e  a t h e o r e t i c a l  c o m p a r i s o n  b e t w e e n  t h e s e  two s o u r c e s  
(Co 73). U s i n g  d a t a  o b t a i n e d  b y  S m i t h  a n d  B o o t  (Sm 62) the r a t i o  of p e a k  
t h e r m a l  n e u t r o n  f l u x  d e n s i t y  in a p h a n t o m  p e r  i n c i d e n t  n e u t r o n  r e l a t i v e  
to the r a t i o  o b t a i n e d  at 14 M e V  w a s  c a l c u l a t e d .  T he p l o t t e d  c u r v e  of this 
r a t i o  i n c r e a s e s  m o n o t o n i c a l l y  w i t h  d e c r e a s i n g  i n c i d e n t  n e u t r o n  e n e r g y .  T h e  
c a l c u l a t i o n s  of B a c h  a n d  C a s w e l l  (Ba 68) s h o w e d  th a t  the e n e r g y  t r a n s f e r  
to m a t t e r  (Kerma) b y  n e u t r o n s  i n c r e a s e d  m o n o t o n i c a l l y  w i t h  i n c r e a s i n g  
n e u t r o n  e n e r g y .  T h u s  the r a t i o  of  e n e r g y  d e l i v e r e d  to t i s s u e  at n e u t r o n  
e n e r g y  e q u a l  to 14 M e V  r e l a t i v e  to t he e n e r g y  d e l i v e r e d  to t i s s u e  at n e u t r o n  
e n e r g y  e q u a l  to E i n c r e a s e s  m o n o t o n i c a l l y .  T h e  p r o d u c t  of this r a t i o  o r  
a d v a n t a g e  f a c t o r  a n d  the r a t i o  r e l a t i n g  to t h e r m a l  n e u t r o n  f l u x  g e n e r a t i o n  
w a s  c a l c u l a t e d  to f i n d  the t o t a l  a d v a n t a g e  to b e  g a i n e d  r e l a t i v e  to 14 M e V  
n e u t r o n s .  R e s u l t s  i n d i c a t e d  th a t  4 . 5  M e V  n e u t r o n s  h a v e  an o v e r a l l  a d v a n t a g e  
f a c t o r  of 2 r e l a t i v e  to 14 M e V  n e u t r o n s .
B o d d y  p o i n t e d  o u t  t h a t  this t h e o r e t i c a l  a d v a n t a g e  f a c t o r  m a y  n o t  
n e c e s s a r i l y  h o l d  in p r a c t i c e  (Bo 74a) • T h e  a d v a n t a g e  f a c t o r  r e l a t i n g  to 
e f f e c t i v e n e s s  of t h e r m a l  n e u t r o n  f l u x  g e n e r a t i o n  o n l y  s t r i c t l y  a p p l i e s  to t he 
s e t  up u s e d  b y  S m i t h  a n d  B o o t  a n d  e a c h  f a c i l i t y  w i l l  b e  d i f f e r e n t .
As  m e n t i o n e d  e a r l i e r ,  14 M e V  n e u t r o n s  p r o d u c e  better u n i f o r m i t y  of 
t h e r m a l  n e u t r o n  f l u x  t h a n  (a,n) n e u t r o n s .
T h e  c r i t i c i s m  t h a t  the u s e  o f  14 M e V  n e u t r o n s  p r o d u c e s  i n t e r f e r e n c e s  
v i a  f a s t  n e u t r o n  i n d u c e d  r e a c t i o n s  is n o t  v a l i d  as it h a s  b e e n  d e m o n s t r a t e d
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that a c c u r a t e  c o r r e c t i o n s  can be m a d e ,  A  d i r e c t  c o m p a r i s o n  c a n n o t  be  
m a d e  b e t w e e n  c e n t r e s  u s i n g  the two d i f f e r e n t  s o u r c e s  as the d e t e c t i o n  
f a c i l i t i e s  are n o t  the same.
In a d d i t i o n  to s e n s i t i v i t y  p e r  u n i t  d o s e  a n o t h e r  m a j o r  c o n s i d e r a t i o n  
is the c o s t  i n v o l v e d .  H a y w o o d  e t  al. ( H a  79) e s t i m a t e d  t h a t  u s i n g  a 
c o m p a c t  s e a l e d  tu b e  g e n e r a t o r  a n d  a s c a n n e d  b i l a t e r a l  n e u t r o n  i r r a d i a t i o n  
a T B I V N A A  i r r a d i a t i o n  f a c i l i t y  c o u l d  b e  b u i l t  f o r  less t h a n  £ 30,000.
T o  d a t e  (a,n) s o u r c e s  h a v e  b e e n  e m p l o y e d  in s t a t i c  g e o m e t r i e s  w h i c h  
i n c r e a s e s  the c o s t  of i r r a d i a t i o n  f a c i l i t y  a n d  also, b e c a u s e  a s c a n n i n g  
c o u n t  c a n n o t  then b e  c a r r i e d  out, the c o u n t i n g  f a c i l i t y .
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CHAPTER 3 NEUTRON INTERACTIONS AND DOSIMETRY IN TISSUE
3.1 N e u t r o n  I n t e r a c t i o n  i n  T i s s u e
T h e  p e n e t r a t i o n  and i n t e r a c t i o n  o f  n e u t r o n s  in t i s s u e  d e p e n d s  u p o n  
the r e l a t i v e  e l e m e n t a l  c o m p o s i t i o n  of the v a r i o u s  a n a t o m i c a l  t i s s u e s ,  the 
e n e r g y  s p e c t r u m  of the n e u t r o n s  a n d  the e n e r g y  d e p e n d e n t  p r o b a b i l i t i e s  of 
the p o s s i b l e  i n t e r a c t i o n s  w i t h  b o d y  e l e m e n t s .
F o r  the p u r p o s e  of  this d i s c u s s i o n  t he b o d y  c a n  b e  c o n s i d e r e d  to 
c o n s i s t  of t h r e e  m a j o r  t y p e s  of tiss u e ;  a d i p o s e  t i s sue, m u s c l e  and b o ne.
T h e  r e l a t i v e  a m o u n t s  of t h e s e  t i s s u e s  in  the b o d y  a n d  t h e i r  c o m p o s i t i o n s  are 
s h o w n  in t a b l e  3.1. A s h  r e f e r s  to the m i n e r a l  r e s i d u e  a f t e r  c o m b u s t i o n  of 
t i s s u e .
A n  e x a m i n a t i o n  of t a b l e  3.1 a n d  3.2 r e v e a l s ,  as e x p e c t e d ,  t h a t  n e u t r o n  
i n t e r a c t i o n s  i n  t i s s u e  w i l l  i n  t u r n  d e p e n d  u p o n  n e u t r o n  i n t e r a c t i o n s  w i t h  
C, H, 0 a n d  N.
I V N A A  e m p l o y s  n e u t r o n s  w i t h  e n e r g i e s  less t h a n  or e q u a l  to 14 M e V  so 
t he p r o c e s s  of n e u t r o n  s p a l l a t i o n ,  w h e r e b y  t he t a r g e t  n u c l e u s  is f r a g m e n t e d ,  
w h i c h  o c c u r s  at n e u t r o n  e n e r g i e s  g r e a t e r  t h a n  a b o u t  1 00 M e V  n e e d  n o t  b e  
c o n s i d e r e d .  F o r  the n e u t r o n  e n e r g y  r a n g e  of i n t e r e s t ,  n e u t r o n s  m a y  i n t e r a c t  
w i t h  t a r g e t  n u c l e i  e i t h e r  e l a s t i c a l l y  o r  n o n e l a s t i c a l l y . N o n e l a s t i c  e v e n t s  
m a y  b e  f u r t h e r  d i v i d e d  i n t o  the c l a s s e s  of i n e l a s t i c  s c a t t e r ,  r e a c t i o n s  
w h i c h  r e s u l t  i n  the e m i s s i o n  of p a r t i c l e s  o t h e r  t h a n  a s i n g l e  n e u t r o n ,  a nd 
n e u t r o n  r a d i a t i v e  c a p t u r e .
T h e  r e l a t i v e  p r e d o m i n a n c e  of t h e s e  p r o c e s s e s  is a f u n c t i o n  of n e u t r o n  
e n e r g y .  T h e  m o s t  i m p o r t a n t  i n t e r a c t i o n  of fast n e u t r o n s  w i t h  t i s s u e  w i t h  
r e g a r d  to the d o s e  d e l i v e r e d  is e l a s t i c  s c a t t e r i n g  w i t h  h y d r o g e n .  F a s t
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T i s s u e
C o m p o n e n t s  (% by w e i g h t ) % b y  w e i g h t  
o f  t o t a l  b o d yF at P r o  t e i n h 2o  . A s h
A d i p o s e
tis s u e 80 5 15 1 21
M u s c l e 2 17 80 1 40
Bone 1 26 17 54 7 .2
T a b l e  3.1 : C o m p o s i t i o n  of a d i p o s e  t i s s u e ,  m u s c l e  and b o n e .
( I . C . R . P .  23)
T i s s ue
E l e m e n t a l  c o m p o s i t i o n  (" b y  w e i g h t )
C K -• 0 Ca P S
Bone. 14 4.5 4.0 42 20 10
C
N
F a t 77 12 0 11 < 1 < 1 < 1
P r o t e i n 5 2 7 16 23 < 1 < 1 < 1
H 2° 11 .2 88.8
T a b l e  3.2 : E l e m e n t a l  c o m p o s i t i o n  of b o ne, fat a n d  p r o t e i n
( I . C . R . P .  23)
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n e u t r o n s  a r e  n o r m a l l y  c o n s i d e r e d  to b e  n e u t r o n s  w i t h  e n e r g y  g r e a t e r  t h a n  
a b o u t  10 keV. T h e  s l o w i n g  d o w n  o f  n e u t r o n s  in a m o d e r a t o r  is d u e  m o s t l y  
to the e l a s t i c  s c a t t e r i n g  p r o c e s s .
3 . 1 . 1  E l a s t i c  s c a t t e r i n g
W h e n  a n e u t r o n  is s c a t t e r e d  e l a s t i c a l l y  b y  an  atom, t h e  e n e r g y  E ^  
t r a n s f e r r e d  to the s t r u c k  n u c l e u s  of m a s s  M  is (Fo.71),
E 4 M  M
E = — -----   c o s 2 0 (3.1)
(M+M ) n
w h e r e  E ^  is the e n e r g y  of the n e u t r o n  b e f o r e  the c o l l i s i o n ,  0 is t he a n g l e  
o f  r e c o i l  in the l a b o r a t o r y  s y s t e m  (0 = (tt - a / 2), w h e r e  a is t h e  a n g l e  of 
s c a t t e r i n g  of the n e u t r o n  in the c e n t r e  of m a s s  s y s t e m )  a n d  M ^  is the m a s s  
of the n e u t r o n .  It f o l l o w s  f r o m  e q u a t i o n  (3.1) t h a t  t he m a x i m u m  f r a c t i o n a l  
e n e r g y  t r a n s f e r  is 4 M ' ( M ! + 1) , w h e r e  M 1 is the r a t i o  of t h e  m a s s  of  the 
t a r g e t  n u c l e u s  to the m a s s  of t he n e u t r o n .  F o r  n e u t r o n  e n e r g i e s  b e l o w  
14 M e V  e l a s t i c  s c a t t e r i n g  w i t h  h y d r o g e n  is i s o t r o p i c  i n  t he c e n t r e  of m a s s  
s y s t e m  (G o . 62). T h e  n e a r  e q u a l i t y  i n  n e u t r o n  a n d  p r o t o n  m a s s e s  t h e r e f o r e  
l e a d s  to n e u t r o n  s c a t t e r i n g  a n g l e s  i n  t h e  r a n g e  0  to it / 2  i n  t h e  l a b o r a t o r y  
syst e m .  A l t h o u g h  n o t  s t r i c t l y  true, to a ll i n t e n t s  a n d  p u r p o s e s ,  e l a s t i c  
s c a t t e r i n g  w i t h  C, 0 a n d  N  c a n  a l s o  b e  c o n s i d e r e d  i s o t r o p i c  i n  t h e  c . m . s  up  to 
n e u t r o n  e n e r g i e s  of a b o u t  14 MeV. E x c e p t  for r e s o n a n c e  p e a k s ,  t he e l a s t i c  
s c a t t e r i n g  c r o s s - s e c t i o n s  of H, 0, N  a n d  C d e c r e a s e  r a p i d l y  w i t h  n e u t r o n  
e n e r g y  at l o w  e n e r g i e s  a n d  c o n t i n u e  to d e c r e a s e ,  o n l y  m o r e  g r a d u a l l y ,  at 
h i g h e r  e n e r g i e s  (S t . 64).
B e t w e e n  2 5 0  lceV a n d  14 M e V  e l a s t i c  i n t e r a t i o n s  w i t h  h y d r o g e n  c o n t r i b u t e  
a b o u t  85% of t h a t  p a r t  of the d o s e  w h i c h  is d u e  to e l a s t i c  p r o c e s s e s  a n d  at 
10 k e V  the h y d r o g e n  c o n t r i b u t i o n  h a s  r i s e n  to a l m o s t  9 7 %  ( A u .68).
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In the e n e r g y  r e g i o n  b e l o w  14 M e V  i n e l a s t i c  s c a t t e r i n g  t a kes p l a c e  
p r i m a r i l y  t h r o u g h  the f o r m a t i o n  a n d  d e c a y  of a c o m p o u n d  n u c l e u s .  T h e  
p r o c e s s  is c h a r a c t e r i z e d  b y  t he f i n a l  t o t a l  k i n e t i c  e n e r g y  of  the n e u t r o n -  
n u c l e u s  c o n s t e l l a t i o n  b e i n g  less t h a n  t he i n i t i a l  t o t a l  k i n e t i c  e n e r g y ,  w i t h  
t he d i f f e r e n c e  b e t w e e n  the two b e i n g  the e x c i t a t i o n  e n e r g y  of t h e  p r o d u c t  
n u c l e u s .  T h e  p r o d u c t  n u c l e u s  t h e n  d e e x c i t e s  to its g r o u n d  s t a t e  u s u a l l y  
b y  the e m i s s i o n  of o ne o r  m o r e  g a m m a  r a y s  i n  a t i m e  i n t e r v a l  of the o r d e r
of 10“ 10s. T h e r e  are t w o  k i n d s  o f  e v e n t s  i n  w h i c h  t h i s  p r o m p t  d e e x c i t a t i o n
b y  g a m m a  e m i s s i o n  d o e s  n o t  t a k e  p l a c e .  In the f i r s t  k i n d  o f  e v e n t ,  if a 
l o w - l y i n g  l e v e l  e x i s t s  w i t h  a s p i n  d i f f e r i n g  b y  s e v e r a l  u n i t s  f r o m  the s p i n s  
of all l o w e r - l y i n g  l e v e l s ,  t h e n  d e e x c i t a t i o n  of th i s  m e t a s t a b l e  i s o m e r i c  
s t a t e  of the p r o d u c t  n u c l e u s  b y  g a m m a  e m i s s i o n  m a y  t a k e  s e c o n d s ,  h o u r s  or 
e v e n  y e a r s .  In the s e c o n d  k i n d  of e v e n t ,  g a m m a  e m i s s i o n  m a y  b e  f o r b i d d e n  
b y  c o n s e r v a t i o n  of a n g u l a r  m o m e n t u m  c o n s i d e r a t i o n s  a n d  in t h i s  c a s e  t he 
e x c i t e d  n u c l e u s  m a y  e m p l o y  i n t e r n a l  c o n v e r s i o n  o r  p a i r  e m i s s i o n  to r e a c h  its 
g r o u n d  state.
In g e n e r a l ,  w e  c a n  r e p r e s e n t  the s e q u e n c e  o f  e v e n t s  as:
, /ryA+lv^f fry A  . \ , .Z + n  tf (Z ) tf (Z + y) +  n 1
I n e l a s t i c  s c a t t e r i n g  c a n n o t  o c c u r  u n l e s s  t he e n e r g y  a v a i l a b l e  i n  t he c e n t r e -
o f - m a s s - s y s t e m  is g r e a t e r  t h a n  t he e n e r g y  of t he f i r s t  e x c i t e d  s t a t e  of the
p r o d u c t  n u c l e u s .  T h e  e n e r g y  a v a i l a b l e  i n  the cms is (Fo.71):
3.1.2 Inelastic scattering
(3.2)
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w h e r e  is the l a b o r a t o r y  k i n e t i c  e n e r g y  of the i n c i d e n t  n e u t r o n  and 
A  is the m a s s  of the t a r g e t  n u c l e u s  n e a s u r e d  in n e u t r o n  m a s s  u nits.
T h e r e f o r e ,  the t h r e s h o l d  e n e r g y  or  the l o w e s t  p o s s i b l e  n e u t r o n  
k i n e t i c  e n e r g y  at w h i c h  t h e  i n t e r a c t i o n  is k i n e m a t i c a l l y  p o s s i b l e  is:
w h e r e  Ej is the e n e r g y  of the f i r s t  e x c i t a t e d  state.
T h e  e n e r g y  of the f i r s t  e x c i t e d  s t a t e  in l i g h t  n u c l i d e s ,  w i t h  m a s s  
n u m b e r  less t h a n  a b o u t  t w e n t y  five, is b e t w e e n  a b o u t  0 . 5  a n d  5 MeV. T h us, 
i n e l a s t i c  s c a t t e r i n g  is a r e l a t i v e l y  h i g h  e n e r g y  i n t e r a c t i o n .  In  12C, 
li+N a n d  160 the e n e r g i e s  o f  the f i r s t  e x c i t e d  s t a t e s  are 4.43, 2 . 3 1 1  a n d  
6.052 MeV r e s p e c t i v e l y  a n d  b e y o n d  t he t h r e s h o l d  e n e r g i e s  t he c r o s s - s e c t i o n s  
r i s e  u n t i l  b y  4 M e V  t h e y  are c o m p a r a b l e  to the e l a s t i c  c r o s s - s e c t i o n s .
I n e l a s t i c  n e u t r o n  s c a t t e r i n g  is i m p o r t a n t  i n  h i g h  M ’ m a t e r i a l s  as it 
c a n  b e  s e e n  f r o m  e q u a t i o n  (2 .1 ) t h a t  e n e r g y  l o s s e s  b y  e l a s t i c  s c a t t e r i n g  
c a n  o n l y  b e  small.
F o r  n e u t r o n  e n e r g i e s  j u s t  a b o v e  t h e  t h r e s h o l d  e n e r g y  the i n e l a s t i c  
g a m m a  r a y  s p e c t r u m  is s i m p l e  a n d  d i s c r e t e  as a r e s u l t  of  t r a n s i t i o n s  f r o m  
l o w - l y i n g  l e v e l s  d i r e c t l y  e x c i t e d  b y  i n e l a s t i c  n e u t r o n  e m i s s i o n .  A t  m u c h  
h i g h e r  i n c i d e n t  n e u t r o n  e n e r g i e s ,  m a n y  l e v e l s  i n  the p r o d u c t  n u c l e u s  are 
a c c e s s i b l e .  T h e  e n e r g y  s p e c t r u m  of i n e l a s t i c  n e u t r o n s  is t h e n  a l m o s t  
c o n t i n u o u s  and a c o n t i n u o u s  e n e r g y  s p e c t r u m  of i n e l a s t i c  g a m m a  r a y s  is 
o b t a i n e d  as a r e s u l t  of a c a s c a d e  d o w n  t h r o u g h  t he m a n y  e n e r g y  l e v e l s  
a v a i l a b l e .  T h i s  c o n t i n u o u s  g a m m a  s p e c t r u m  h a s  an i s o t r o p i c  a n g u l a r  
d i s t r i b u t i o n  u n l i k e  the s i m p l e  d i s c r e t e  c a s e  (Fr.63).
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3 . 1 . 3  R e a c t i o n s  r e s u l t i n g  in  the e m i s s i o n  of p a r t i c l e s  o t h e r  t h a n  a 
s i n g l e  n e u t r o n
A  n u c l e a r  r e a c t i o n  w i t h  i n i t i a l  c o n s t e l l a t i o n  A  + a a n d  f i n a l  
c o n s t e l l a t i o n  B + b m a y  b e  w r i t t e n :
A  + a - * - B  + b + Q
w h e r e  Q r e p r e s e n t s  the e n e r g y  c o r r e s p o n d i n g  to the d i f f e r e n c e  i n  a t o m i c  
r e s t  m a s s e s  of the i n i t i a l  a n d  f i n a l  c o n s t e l l a t i o n s .
T h u s  the l a b o r a t o r y  t h r e s h o l d  f o r  r e a c t i o n  x  is:
E t  = - Q  (3.4)
C o m p a r i s o n  w i t h  e q u a t i o n  (3.3) s h o w s  t h a t  the e n e r g y  o f  the e x c i t e d  
s t a t e  m a y  b e  t h o u g h t  of as the Q v a l u e  f o r  the n e u t r o n  i n e l a s t i c  
s c a t t e r i n g  r e a c t i o n .  T h e  Q v a l u e s  f o r  v a r i o u s  r e a c t i o n s  in C, 0  a n d  N  
a r e  s h o w n  i n  T a b l e  3.3 ( M a .66).
T h e  N ll+( n , p ) C 14 r e a c t i o n  is e x o e r g i c  a n d  c a n  ta k e  p l a c e  e v e n  if the 
i n i t i a l  c o n s t e l l a t i o n  is at res t .  T h e  o t h e r  r e a c t i o n  w i l l  o n l y  p r o c e e d  
if the n e u t r o n  k i n e t i c  e n e r g y  is a b o v e  t h e  t h r e s h o l d  v a l u e .
A l t h o u g h  m o s t  of t h e s e  r e a c t i o n s  a r e  a c c o m p a n i e d  b y  derexcitefcion 
y - r a y s ,  the p r o t o n  a n d  a p r o d u c i n g  r e a c t i o n s  are p a r t i c u l a r l y  i m p o r t a n t  
b e c a u s e  the h i g h  l i n e a r  e n e r g y  t r a n s f e r  of t h e s e  p a r t i c l e s  p r o d u c e s  a 
r e l a t i v e  i n c r e a s e  in b i o l o g i c a l  d a m a g e .
3 . 1 . 4  N e u t r o n  R a d i a t i v e  C a p t u r e
In this p r o c e s s ,  a t a r g e t  n u c l e u s  a b s o r b s  a n e u t r o n  to f o r m  a 
c o m p o u n d  n u c l e u s  w h i c h  d e - e x c i t e s  in the o r d e r  of IO"*13 - IO""14 S b y  the
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R e a c t i o n Q v a l u e  (meV)
12C(n,p) - 12.59
12C(n,cx)9B a - 5 . 7 0
12C ( n , 2 n )  n C - 1 8 . 7 2
1 4N ( n , p ) 14 C - 0 . 6 3
]1+N ( n Ja) 1 *B - 0 . 1 6
lL|N ( n , 2n) 1 3N - 10.55
160 ( n , p ) 16N - 9 . 6 3
160 (n , a ) 1 3C 2.21
150 ( n ,2n) - 1 5 .67
T a b l e  3. 3 : Q v a l u e s  for v a r i o u s  r e a c t i o n s
w i t h  C, 0 and N.
e m i s s i o n  of y - r a y s .  T h e  p r o d u c t  n u c l e u s  m a y  b e  s t a b l e  o r  m a y  b e  u n s t a b l e  
in w h i c h  ca s e  it u n d e r g o e s  r a d i o a c t i v e  d e c a y .  T h e  r e a c t i o n  m a y  b e  
r e p r e s e n t e d  as:
:XA  + n  tf ( z X ^ 1). * tf zXA+1 +' y + .(
S i n c e  the r e s t  m a s s  of the g a m m a  r a y  is z e r o  it c a n  b e  s e e n  t h a t  the 
Q v a l u e  is e q u a l  to t he e n e r g y  r e q u i r e d  to s e p a r a t e  a n e u t r o n  f r o m  t he 
c o m p o u n d  n u c l e u s .  N e u t r o n  s e p a r a t i o n  e n e r g i e s  are a l w a y s  p o s i t i v e  a n d  
c o n s e q u e n t l y  the r a d i a t i v e  c a p t u r e  r e a c t i o n  is e x o e r g i c .
T h e  e x c i t a t i o n  e n e r g y  a v a i l a b l e  to the c o m p o u n d  n u c l e u s  is:
E* = Egn + E (3.5)
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and E is t he a v a i l a b l e  e n e r g y  i n  the cms = E ^
w h e r e  E ^  is the n e u t r o n  k i n e t i c  e n e r g y  in  the l a b o r a t o r y  s y s t e m ,  p r o v i d e d
the l a b o r a t o r y  k i n e t i c  e n e r g y  of the t a r g e t  n u c l e u s  is n e g l i g i b l e .
A t  l o w  n e u t r o n  e n e r g i e s ,  b e l o w  t he f i r s t  c a p t u r e  r e s o n a n c e ,  the c r o s s -  
s e c t i o n  f o r  the (n,y) r e a c t i o n  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to the v e l o c i t y  
of the n e u t r o n .  T h e  r e g i o n  of i s o l a t e d  r e s o n a n c e s  b e g i n s  i n  the k e V  r e g i o n  
f or m e d i u m  m a s s  n u c l e i  a n d  i n  t he M e V  r e g i o n  f o r  l i g h t  n u c l e i .  T h e  1/V 
b e h a v i o u r  of the c r o s s - s e c t i o n  at l o w  e n e r g i e s  a n d  the v a r i a t i o n  of c r o s s -  
s e c t i o n  at a n  i s o l a t e d  r e s o n a n c e  c a n  b e  e x p l a i n e d  in t e r m s  of  the B r e i t - W i g n e r  
f o r m u l a  f or an Jl = 0 r e s o n a n c e  (Fo.71). T h e  r a d i a t i v e  c a p t u r e  w i d t h ,  
is g e n e r a l l y  of the o r d e r  of  0 . 1  e V  i n  the m e d i u m  m a s s  n u c l e i  i m p l y i n g ,  
f r o m  the u n c e r t a i n t y  p r i n c i p l e ,  * h, m e a n  r a d i a t i v e  l i f e t i m e s  of the
o r d e r  of 1 0 ” 1Lfs. A s  the n e u t r o n  e n e r g y  is i n c r e a s e d  the r e g i o n  of o v e r ­
l a p p i n g  r e s o n a n c e s  is e n c o u n t e r e d  a n d  t h e  r a d i a t i v e  c a p t u r e  c r o s s - s e c t i o n  
d e c r e a s e s  s m o o t h l y  w i t h  a n  a p p r o x i m a t e l y  1/E v a r i a t i o n .  H u g h e s  et al. 
m e a s u r e d  t h e  n e u t r o n  c a p t u r e  c r o s s - s e c t i o n s  f o r  t h i r t y  t wo i s o t o p e s  at a n  
e f f e c t i v e  n e u t r o n  e n e r g y  o f  o n e  M e V  ( H u . 49). T h e  c r o s s - s e c t i o n s  s h o w e d  a 
s m o o t h  v a r i a t i o n  w i t h  a t o m i c  w e i g h t ,  r a n g i n g  f r o m  10"**b at A  = 1 00 to 1 0 -tfb 
at A  = 20. T h e  c h a n g e  i n  c r o s s - s e c t i o n  is a m e a s u r e  of t h e  c h a n g e  in  l e v e l  
s p a c i n g  o f  the c o m p o u n d  n u c l e u s  f o r m e d  a f t e r  n e u t r o n  c a p t u r e .  A t  this 
n e u t r o n  e n e r g y  the d e n s i t y  of l e v e l s  w h i c h  it is p o s s i b l e  to e x c i t e  h a s  
i n c r e a s e d  a n d  t h e r e f o r e  t he a b s o r p t i o n  c r o s s - s e c t i o n  b e c o m e s  a n  a v e r a g e  
o v e r  s e v e r a l  l e v e l s .  T h us, o n e  w o u l d  e x p e c t  the c r o s s - s e c t i o n  to b e  a 
s l o w l y  v a r y i n g  f u n c t i o n  of a t o m i c  w e i g h t .
It is n o w  k n o w n  t h a t  c o m p o u n d  n u c l e u s  f o r m a t i o n  is n o t  t h e  d o m i n a n t  
m e c h a n i s m  f or n e u t r o n  c a p t u r e  at n e u t r o n  e n e r g i e s  in  e x c e s s  of a f e w  MeV.
where Egn is the neutron separation energy
A
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T h e  p r o c e s s  is e x p l a i n e d  in  t e r m s  of d i r e c t  r a d i a t i v e  c a p t u r e .  T h e  
n e u t r o n  is a s s u m e d  to r a d i a t e  m o r e  t h a n  its i n c i d e n t  e n e r g y  i n  the r e g i o n  
o f  c h a n g i n g  p o t e n t i a l  n e a r  to t h e  t a r g e t  n u c l e u s  a n d  so it is c a p t u r e d  
( L a .66, C v . 6 3 ,  L o . 7 6 ) .  H o w e v e r ,  h i g h - e n e r g y  r a d i a t i v e  c a p t u r e  c r o s s -  
s e c t i o n s  are v e r y  sma l l ,  b e i n g  of the o r d e r  of 1 to 10 m b  i n  m e d i u m  a n d 
h e a v y  e l e m e n t s  f o r  14 M e V  n e u t r o n s ,  so it is o n l y  c a p t u r e  b y  t h e r m a l  a n d  
s l o w  n e u t r o n s  t h a t  n e e d  b e  c o n s i d e r e d  i n  p r a c t i c a l  a p p l i c a t i o n s .
T h e r e  a re t h r e e  m a j o r  t y p e s  of c a p t u r e  g a m m a  r a y  s p e c t r a  (M i . 55).
I n  the f i r s t  k i n d  t h e  g r o u n d  s t a t e  t r a n s i t i o n  l i n e  d o m i n a t e s  a n d
/
m o s t  of the d e - e x c i t a t i o n  e n e r g y  is c a r r i e d  b y  a s i n g l e  6.8 M e V  y - r a y .
T h e  s e c o n d  t y p e  of s p e c t r u m  is m o r e  c o m p l e x  b u t  d i s t i n c t  l i n e  s t r u c t u r e  
is e v i d e n t .  T h i s  is t y p i c a l  o f  l i g h t  a n d  m e d i u m  m a s s  e l e m e n t s  w i t h  
r e a s o n a b l y  l a r g e  l e v e l  s p a c i n g  a n d  t r a n s i t i o n s  b e t w e e n  l e v e l s  as l i k e l y  as 
t r a n s i t i o n s  to g r o u n d .
F i n a l l y ,  s p e c t r a  w i t h  m a n y  y - r a y s  b u t  n o  e v i d e n t  l i n e  s t r u c t u r e  b e l o w  
a g a m m a  r a y  e n e r g y  o f  5 M e V  c a n  b e  o b s e r v e d .  T h i s  is t y p i c a l  of h e a v i e r  
e l e m e n t s ;  t h e y  h a v e  h i g h  l e v e l  d e n s i t y  a n d  o v e r l a p p i n g  h i g h e s t  l e v e l s  a n d 
t he p r o b a b i l i t y  of t r a n s i t i o n  to a n y  l e v e l  b e c o m e s  a s t a t i s t i c a l  q u a n t i t y .
A  g r e a t  d e a l  of r e s e a r c h  e f f o r t  h a s  b e e n  a p p l i e d  to t he s t u d y  o f  n e u t r o n  
c a p t u r e  g a m m a  r a y s  in a n  a t t e m p t  to g a i n  a b e t t e r  u n d e r s t a n d i n g  o f  n u c l e a r  
s t r u c t u r e  ( V e .66, B o . 66). C o n s e n q u e n t l y , e x t e n s i v e  d a t a  h a s  b e e n  a c c u m u l a t e d  
o n  t h e r m a l  n e u t r o n  c a p t u r e  c r o s s - s e c t i o n s  in e l e m e n t s  a n d  i n d i v i d u a l  i s o t o p e s  
a n d  the i n t e n s i t i e s  of the v a r i o u s  d e - e x c i t a t i o n  t r a n s i t i o n  l i n e s  i n  a g i v e n  
e l e m e n t  or i s o t o p e  (Ba.67, G r . 68, D u . 70, S e . 7 1 ) .
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T h e r m a l  n e u t r o n  c a p t u r e  b y  h y d r o g e n  is o f  g r e a t  i m p o r t a n c e  in 
tiss u e .  T h i s  r e a c t i o n  is a p r o l i f i c  s o u r c e  of 2 .2 M e V  p r o m p t  y ~ r a ys w h i c h  
m a y  c o n t r i b u t e  to the d o s e  at l o c a t i o n s  s o m e  d i s t a n c e  f r o m  w h e r e  the 
c a p t u r e  e v e n t  o c c u r r e d .
T h e  r e l a t i v e  i m p o r t a n c e  of t he v a r i o u s  e l a s t i c  a n d  n o n - e l a s t i c  
r e a c t i o n s  in H, C, 0 a n d  N  i n  t i s s u e  f o r  d o s e  e v a l u a t i o n  w i l l  d e p e n d  u p o n  
the e n e r g y  s p e c t r u m  of the i n c i d e n t  n e u t r o n  b e am. Auxiier et  al. a t t e m p t e d  
to e s t i m a t e  the r e l a t i v e  c o n t r i b u t i o n s  o f  v a r i o u s  r e a c t i o n s  to the d o s e  in 
a h o m o g e n e o u s  a n t h r o p o m o r p h i c  p h a n t o m .  T h e  p h a n t o m  w a s  t a k e n  as a r i g h t  
c i r c u l a r  c y l i n d e r  of r a d i u s  15 c m  a n d  h e i g h t  60 c m  c o m p o s e d  of H, C, N  a n d  
0 in the p r o p o r t i o n s  of s t a n d a r d  man. T h e  n e u t r o n  b e a m  w a s  t a k e n  to b e  
m o n o e n e r g e t i c ,  m o n o d i r e c t i o n a l  a n d  b r o a d  e n o u g h  to c o v e r  t h e  w h o l e  p h a n t o m .  
T h e  c y l i n d r i c a l  v o l u m e  w a s  d i v i d e d  i n t o  1 50 v o l u m e  e l e m e n t s  and t he d o s e  
in e a c h  e l e m e n t  w a s  c a l c u l a t e d  b y  t he M o n t e  C a r l o  o r  s t a t i s t i c a l  s a m p l i n g  
m e t h o d  (A u .68). F o r  14 M e V  i n c i d e n t  n e u t r o n s ,  n e u t r o n  e l a s t i c  s c a t t e r i n g  
w i t h  h y d r o g e n  w a s  r e s p o n s i b l e  f o r  68% o f  the a v e r a g e  t o t a l  d o s e  in  the 
p h a n t o m  w i t h  e l a s t i c  s c a t t e r i n g  o n  o x y g e n  c o n t r i b u t i n g  a b o u t  3%. I n e l a s t i c  
s c a t t e r i n g  e v e n t s  o n  C, N  a n d  0 c o n t r i b u t e d  a b o u t  10% to t he t o t a l  dose.
T h e  b u l k  of the r e m a i n d e r  of t o t a l  b o d y  d o s e  w a s  d e l i v e r e d  b y  r e a c t i o n s  
r e s u l t i n g  in t h e  e m i s s i o n  of c h a r g e d  p a r t i c l e s  b u t  t h e r m a l  n e u t r o n  r a d i a t i v e  
c a p t u r e  in  h y d r o g e n  w a s  f o u n d  to c o m p r i s e  a b o u t  2% of t he t o t a l  b o d y  dose.
T h e  t o t a l  d o s e  d e l i v e r e d  d e c r e a s e s  w i t h  d e c r e a s i n g  i n c i d e n t  n e u t r o n  
e n e r g y  a n d  the r e l a t i v e  c o n t r i b u t i o n s  of the v a r i o u s  t y p e s  of r e a c t i o n s  
chan g e .  N e v e r t h e l e s s ,  e l a s t i c  s c a t t e r i n g  w i t h  H  is d o m i n a n t  in e v e r y  case, 
w i t h  e l a s t i c  s c a t t e r i n g  o n  o x y g e n  a n d  t h e r m a l  n e u t r o n  c a p t u r e  in h y d r o g e n  as 
the n e x t  m o s t  i m p o r t a n t  r e a c t i o n s .
3.2 Dosimetry
T h e  o b j e c t i v e  in d o s i m e t r i c  s t u d i e s  is to q u a n t i f y  t h e  s p a t i a l  a n d  
t e m p o r a l  v a r i a t i o n s  in the e s s e n t i a l  p a r a m e t e r s  r e l a t i n g  to the r a d i a t i o n  
f i e l d  in o r d e r  to a c c u r a t e l y  p r e d i c t  the b i o l o g i c a l  e f f e c t .  In o r d e r  to 
a c h i e v e  this a i m  it is n e c e s s a r y  to e v o k e  the c o n c e p t s  of k e r m a ,  a b s o r b e d  
d o se, l i n e a r  e n e r g y  t r a n s f e r ,  d o s e  e q u i v a l e n t  a nd r e l a t i v e  b i o l o g i c a l  
e f f e c t i v e n e s s .
3 . 2 . 1  K e r m a  ( K i n e t i c  e n e r g y  r e l e a s e d  in m a s s )
T h e  k e r m a ,  or f i r s t  c o l l i s i o n  dos e ,  is d e f i n e d  as the s u m  of the i n i t i a l  
k i n e t i c  e n e r g i e s  of all the c h a r g e d  p a r t i c l e s  l i b e r a t e d  b y  i n d i r e c t l y  
i o n i z i n g  p a r t i c l e s  in a u n i t  m a s s  of m a t e r i a l  (Ic.62). It h a s  the s a m e  
d i m e n s i o n s  as d o s e  b u t  d i f f e r s  f r o m  t he d o s e  i n  th a t  t he e n e r g y  l i b e r a t e d  
is n o t  n e c e s s a r i l y  a b s o r b e d  w i t h i n  the m a s s  itself. It h a s  the a d v a n t a g e  
t h a t  it is i n d e p e n d e n t  of t h e  c o m p l e x i t i e s  of the e n e r g y  t r a n s p o r t  b y  
c h a r g e d  s e c o n d a r i e s .
T h e  v a r i o u s  e l a s t i c  a n d  n o n - e l a s t i c  i n t e r a c t i o n s  w h e r e b y  f a s t  n e u t r o n s  
i m p a r t  k i n e t i c  e n e r g y  to c h a r g e d  p a r t i c l e s  i n  t i s s u e  h a v e  b e e n  o u t l i n e d  
a b o v e .
K e r m a  can b e  c a l c u l a t e d  f r o m  t h e  e n e r g y  f l u e n c e  s p e c t r u m  of i n d i r e c t l y  
i o n i z i n g  p a r t i c l e s  a n d  t he m a s s  e n e r g y  t r a n s f e r  c o e f f i c i e n t  h t r /P* T h e m a s s  
e n e r g y  t r a n s f e r  c o e f f i c i e n t ,  U t r /P> a m a t e r i a l  f o r  i n d i r e c t l y  i o n i z i n g  
p a r t i c l e s  of s p e c i f i e d  e n e r g y  is the q u o t i e n t  of dE /E b y  pdJi w h e r e  d E ^ / E  
is the f r a c t i o n  of i n c i d e n t  p a r t i c l e  e n e r g y  th a t  is t r a n s f e r r e d  to k i n e t i c  
e n e r g y  of c h a r g e d  p a r t i c l e s  b y  i n t e r a c t i o n s  i n  t r a v e r s i n g  a d i s t a n c e  dl'- in 
a m e d i u m  of d e n s i t y  p (Ic.69)
- 73 -
T h e  e n e r g y  t r a n s f e r  c o e f f i c i e n t ,  y t > is a f u n c t i o n  of n e u t r o n  
e n e r g y  a n d  the a t o m i c  c o m p o s i t i o n  of t h e  i r r a d i a t e d  m a t e r i a l .
T h e r e f o r e ,  t he k e r m a  f o r  a p a r t i c u l a r  s p e c t r u m  of n e u t r o n s  is:
P
U + r(E)ip(E)dE (3.7)
0
w h e r e  (E) is the e n e r g y  f l u e n c e  o f  i n d i r e c t l y  i o n i z i n g  p a r t i c l e s  of 
e n e r g y  E.
E n e r g y  t r a n s f e r  to v a r i o u s  e l e m e n t s  a n d  c o m p o u n d s  b y  f a s t  n e u t r o n s  
h a v e  b e e n  c a l c u l a t e d  u s i n g  b a s i c  p h y s i c a l  d a t a  ( B a .68, D e . 7 3 ) .
V a l u e s  of k e r m a  p e r  u n i t  n e u t r o n  f l u e n c e  at a p a r t i c u l a r  n e u t r o n  
e n e r g y  ( k e r m a  f a c t o r s )  c a n  b e  c a l c u l a t e d ( R i .69). T h e s e  f a c t o r s  a r e  u s e f u l  
in n e u t r o n  d o s i m e t r y  in e s s e n t i a l l y  t wo w a y s :
a) If the n e u t r o n  e n e r g y  s p e c t r u m  a n d  f l u e n c e  a re k n o w n  at a p a r t i c u l a r  
p o i n t  t h e n  the k e r m a  c a n  b e  c a l c u l a t e d  b y  u s e  of t h e  k e r m a  f a c t o r s .
b) T i s s u e  e q u i v a l e n t  d o s i m e t e r s  n e v e r  h a v e  the e x a c t  c o m p o s i t i o n  of t he  
t i s s u e  in w h i c h  a d o s e  e s t i m a t e  is r e q u i r e d .  H o w e v e r ,  i f  t h e  n e u t r o n  
e n e r g y  s p e c t r u m  a n d  f l u e n c e  is k n o w n  at the p o i n t  of i n t e r e s t  t h e n  t he  
t r u e  t i s s u e  d o s e  c a n  b e  e s t i m a t e d  f r o m  the r a t i o  of k e r m a  f a c t o r s  i n  
the d o s i m e t e r  a nd t i s s u e .
I n  the p a s t  s y s t e m a t i c  u n c e r t a i n t i e s  i n  k e r m a  f a c t o r s  w e r e  the r e s u l t  
of the l a c k  of r e l i a b l e  n e u t r o n  c r o s s  s e c t i o n  i n f o r m a t i o n  a n d  the l a c k  of 
i n f o r m a t i o n  o n  t he e n e r g e t i c s  i n v o l v e d  in the n u c l e a r  r e a c t i o n s .  R e c e n t l y ,  
m o r e  i n f o r m a t i o n  h a s  b e c o m e  a v a i l a b l e  a n d  r e l i a b l e  e s t i m a t e s  c a n  n o w  b e  
m a d e  of k e r m a  f a c t o r s  f o r  n e u t r o n  e n e r g i e s  up to a b o u t  2 0  Me V .  C a s w e l l  has
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c a l c u l a t e d  lcerma f a c t o r s  f o r  v a r i o u s  e l e m e n t s  a n d  t i s s u e  e q u i v a l e n t  
m a t e r i a l s  u s i n g  the E N D F / B - I V c o m p i l a t i o n  as a s o u r c e  of b a s i c  p h y s i c a l  d a t a  
(Ca.77). Fig. 3.1 s h o w s  the v a r i a t i o n  of k e r m a  f a c t o r  w i t h  n e u t r o n  e n e r g y  
f or w e t  tissue.
T h e  r e l a t i v e  c o n t r i b u t i o n  to t i s s u e  k e r m a  of H, C, 0 a n d  N  is s h o w n  
in Fig. 3.2. T h e  c o n t r i b u t i o n  f r o m  h y d r o g e n  d e c r e a s e s  f r o m  97% of the 
t o t a l  k e r m a  at a n e u t r o n  e n e r g y  of 10 k e V  to 6 9 %  at a n  e n e r g y  o f  18 MeV.
E n e r g y  d e p o s i t i o n  in b i o l o g i c a l  m a t e r i a l s  is d e t e r m i n e d  m a i n l y  b y  t he 
h y d r o g e n  c o n t e n t  as a c o n s e q u e n c e  of the l a r g e  c o n t r i b u t i o n  f r o m  r e c o i l  
p r o t o n s  to the n e u t r o n  k e r m a .
3 . 2 . 2  R e l a t i o n  b e t w e e n  k e r m a  a n d  a b s o r b e d  d o s e
I n d i r e c t l y  i o n i z i n g  r a d i a t i o n  d e p o s i t s  e n e r g y  in a m e d i u m  b y  w a y  of 
s e c o n d a r y  c h a r g e d  p a r t i c l e s .  P h o t o n s  c a n  transfer e n e r g y  d i r e c t l y  to a t o m i c  
e l e c t r o n s  w h i c h  i n  t u r n  m a y  d i s s i p a t e  t h e i r  a c q u i r e d  e n e r g y  b y  f u r t h e r  
i o n i z a t i o n s  and e x c i t a t i o n s .  N e u t r o n s  t r a n s f e r  e n e r g y  to a t o m i c  n u c l e i  and 
h e a v y  c h a r g e d  p a r t i c l e s  w h i c h  t h e n  u n d e r g o  e l e c t r o n i c  c o l l i s i o n s  in  the 
m e d i u m  l o s i n g  e n e r g y  in  t he p r o c e s s .  T h e  a b s o r b e d  d o s e  is d e f i n e d  as the 
e n e r g y  i m p a r t e d  to a g i v e n  m a s s .  T h e  u n i t  of a b s o r b e d  d o s e  is the r a d  
(= 100 e r g  gm - 1 ) o r  t he (SI) u n i t  t he G r a y  (= 1 J k g -1 = 1 0 0  rad).
In o r d e r  t h a t  the t o t a l  e n e r g y  l i b e r a t e d  p e r  u n i t  m a s s  e q u a l s  the 
e n e r g y  a b s o r b e d  in u n i t  m a s s  i.e. k e r m a  = dose, it is n e c e s s a r y  t h a t  a 
c o n d i t i o n  of c h a r g e d  p a r t i c l e  e q u i l i b r i u m  exis t s .  C h a r g e d  p a r t i c l e  
e q u i l i b r i u m  w i l l  e x i s t  at a p o i n t  if the f o l l o w i n g  c o n d i t i o n s  a r e  f u l f i l l e d :
a) T h e  d i s t a n c e  b e t w e e n  the p o i n t  at w h i c h  the k e r m a  is k n o w n  a n d  t he s u r f a c e  
of the e l e m e n t a r y  v o l u m e  c o n t a i n i n g  the p o i n t  in w h i c h  t h e  d o s e  is to 
b e  e s t i m a t e d ,  m u s t  b e  g r e a t e r  t h a n  or e q u a l  to the m a x i m u m  r a n g e  of the
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F ig . 3.1 R e la t iv e  co n tr ib u tion  from  in tera c tion  processes w ith  d if fe re n t  e lem en ts  to kerm a  in so ft tissue (a  fou r-e lem en t tissu e m odel 
has been used for th is figu re ; 10.2% H , 12.3% C. 3.5% N . 74.0% O by w e ig h t ) (C a sw e ll, et al .  1977). {Used with pemi*aion of the authors.;
Fig. 3.2 Kerma f a c t o r s  f o r  "wet t i s s u e " ,  chosen t o  make an i d e n t i c a l  c o m p a r i ­
son be tw ee n  th e  p r e s e n t  kerma f a c t o r s  based on E NDF/B-4  and th e  d a ta  o f  
Bach and C a s w e l l  ( 1 9 6 8 ) .  The assumed c o m p o s i t io n  is .  107. H, 127. C,
47. N, and 747, 0  by  w e i g h t .
t
- 76 -
Neutron entrgy/MeV
Fig. 3-3 Maximum range in tissue of the most abundant 
charged particles as a function of neutron energy.
c h a r g e d  s e c o n d a r i e s  d u e  to the r a d i a t i o n  f i e l d  i n s i d e  and o u t s i d e  of 
the e l e m e n t a r y  v o l u m e .
b) T h e  p r i m a r y  r a d i a t i o n  f i e l d  m u s t  n o t  c h a n g e  o v e r  the r e g i o n  o f  the 
e l e m e n t a r y  v o l u m e .
c) T h e  n e t  f l u x  of c h a r g e d  p a r t i c l e s  a c r o s s  the b o u n d a r y  s u r f a c e  of the 
e l e m e n t a r y  v o l u m e  m u s t  b e  zero.
A  k n o w l e d g e  of the m a x i m u m  r a n g e s  of c h a r g e d  s e c o n d a r i e s  is t h e r e f o r e  
e s s e n t i a l  to the i m p l e m e n t a t i o n  of a c c u r a t e  d o s i m e t r i c  p r o c e d u r e s .
A b s o r b e d  n e u t r o n  d o s e  is d e p o s i t e d  b y  p r o t o n s ,  a l p h a  p a r t i c l e s  a n d  
h e a v y  r e c o i l s  of c a r b o n  and o x y g e n .  T h e  m a x i m u m  r a n g e s  of t h e s e  p a r t i c l e s  in 
t i s s u e  as a f u n c t i o n  of n e u t r o n  e n e r g y  a r e  s h o w n  in Fig. 3.3. T h e  m a x i m u m  
e n e r g y  of a r e c o i l  p r o t o n  is e q u a l  to t he n e u t r o n  e n e r g y .  T h e  m a x i m u m  e n e r g y  
for an a l p h a  p a r t i c l e  is o b t a i n e d  w h e n  t he r e a c t i o n  p r o c e e d s  to the g r o u n d  -
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s t a t e  of the r e s u l t i n g  n u c l e u s  a n d  the a l p h a  p a r t i c l e  is e m i t t e d  in 
the f o r w a r d  d i r e c t i o n .  T he n u c l e a r  r e c o i l s  r e s u l t i n g  f r o m  e l a s t i c  
s c a t t e r i n g  e v e n t s  h a v e  l o w e r  e n e r g i e s  t h a n  the n u c l e a r  r e c o i l s  r e s u l t i n g  
f r o m  (n,ct) r e a c t i o n s .  I n  the i n t e r e s t s  of s i m p l i c i t y  the f i g u r e  do e s  n o t  
c o n t a i n  i n f o r m a t i o n  on ions w h i c h  a r e  p r o d u c e d  in l ow a b u n d a n c e .
It can b e  s e e n  th a t  for a g i v e n  n e u t r o n  e n e r g y  the m a x i m u m  r a n g e  of 
the r e c o i l  p r o t o n s  is a b o u t  20 times t h a t  of the a l p h a  p a r t i c l e s  a n d  200 
times th a t  of the h e a v y  r e c o i l s  of c a r b o n  and oxyg e n .  T h e  m a x i m u m  r a n g e s 
of the d e l t a  rays s e t  i n  m o t i o n  b y  the r e c o i l i n g  n u c l e i  are of the o r d e r  
of a h u n d r e d  times s m a l l e r  th a n  the m a x i m u m  p r o t o n  r a n g e s  (Ic.77), T h e  
m a x i m u m  p r o t o n  r a n g e  for 14 M e V  i n c i d e n t  n e u t r o n s  c a n  b e  s e e n  to b e  a b o u t  
2 mm. T h e  n e u t r o n  m e a n  free p a t h  i n  t i s s u e  a t  this e n e r g y  is a b o u t  12 cm 
and so v a r i a t i o n  in the p r i m a r y  r a d i a t i o n  f i e l d  o v e r  d i m e n s i o n s  of the 
o r d e r  of m i l l i m e t e r s  w i l l  n o t  be a p r o b l e m .  T h e r e f o r e  the m i n i m u m  v o l u m e  
i n  w h i c h  one c o u l d  e s t i m a t e  n e u t r o n  do s e  u n d e r  c o n d i t i o n s  o f  c h a r g e d  
p a r t i c l e  e q u i l i b r i u m  is a s p h e r e  of 4 m m  d i a m e t e r .
N e a r l y  all of the g a m m a  r a y  do s e  in  ti s s u e  c a n  b e  a t t r i b u t e d  to the 
2 . 2 2  M e V  y - r a y s  a r i s i n g  f r o m  t h e r m a l  n e u t r o n  r a d i a t i v e  c a p t u r e  i n  h y d r o g e n .
T h e  m o s t  p r o b a b l e  i n t e r a c t i o n  in t i s s u e  at this e n e r g y  is th a t  of C o m p t o n  
s c a t t e r i n g  a n d  the m a x i m u m  e n e r g y  i m p a r t e d  to an e l e c t r o n  i n  s u c h  a c o l l i s i o n  i s 
19931ceV. The r a n g e  of s u c h  an e l e c t r o n  i n  t i s s u e  is a b o u t  1 c m  (G1.48).
T h e r e f o r e  to m a k e  a c c u r a t e  d o s i m e t r i c  m e a s u r e m e n t s  o f  the g a m m a  r a y  dose 
a s s o c i a t e d  w i t h  the n e u t r o n  do s e  in  t i s s u e  it is n e c e s s a r y  t h a t  the v o l u m e  
in w h i c h  the y dose is d e t e r m i n e d  s h o u l d  b e  g r e a t e r  t h a n  or e q u a l  to a 
s p h e r e  of 2 cm  d i a m e t e r .  T h e  r e l a t i v e l y  l o n g  m e a n  f r e e  p a t h  o f  the 2 , 2 2  M e V  
y - r a y s  e n s u r e s  that the p r i m a r y  r a d i a t i o n  f i e l d  does n o t  v a r y  o v e r  the 
o r d e r  of these d i m e n s i o n s .  H o w e v e r ,  it does m e a n  t h a t  C , P , E ,  c o n d i t i o n s  can 
o n l y  b e  a p p r o x i m a t e d  i n  d t e r m i n i n g  g a m m a  d o s e s  in m i x e d  n  + y fiel d s .
- 78 -
C h a r g e d  p a r t i c l e  e q u i l i b r i u m  m a y  n o t  e x i s t  at the i n t e r f a c e  b e t w e e n  
two m e d i a .  Th i s  p h e n o m e n o n  is u s e d  to g r e a t  e f f e c t  i n  r a d i o t h e r a p y  w h e r e  
the n u m b e r  of s e c o n d a r y  c h a r g e d  p a r t i c l e s  g e n e r a t e d  i n  air b y  the i n c i d e n t  
r a d i a t i o n  is i n s u f f i c i e n t  to c a u s e  C.P.E. in the s u p e r f i c i a l  la y e r s  o f  the 
body. T h e  c o n s e q u e n t  b u i l d - u p  of d o s e  w i t h  d e p t h  g i v e s  r i s e  to the s k i n -  
s p a r i n g  e f f e c t  of h i g h  e n e r g y  g a m m a  a n d  n e u t r o n  fields.
T h e  haemopofetic t i s s u e s  are r a d i o s e n s i t i v e  and so f o r m  a c r i t i c a l  
t a r g e t  in any r a d i a t i o n  p r o c e d u r e .  It is t h e r e f o r e  i m p o r t a n t  t h a t  the dose 
m o d i f y i n g  e f f e c t  of the b o n e  at the b o n e - s o f t  t i s s u e  i n t e r f a c e  is a c c u r a t e l y  
known.
B r o e r s e  a nd B a r e n d s e n  e x a m i n e d  the m o d i f y i n g  e f f e c t  of b o n e  by  
i r r a d i a t i n g  ce l l  s u s p e n s i o n s  in s m a l l  t u b e s  of m u s c l e  e q u i v a l e n t  or b o n e  
e q u i v a l e n t  p l a s t i c  ( B r ,68), A  d i f f e r e n c e  of a b o u t  s i x  p e r  c e n t  w a s  o b s e r v e d  
b e t w e e n  the n e u t r o n  t i s s u e  lcermas i n  f r e e  a i r  r e q u i r e d  to p r o d u c e  e q u a l  
e f f e c t s  in c e l l s  a d j a c e n t  to b o n e - e q u i v a l e n t  o r  m u s c l e  e q u i v a l e n t  p l a s t i c .  
Th i s  d i f f e r e n c e  can b e  a c c o u n t e d  f o r  s i n c e  b o n e  h as a l o w e r  h y d r o g e n  c o n t e n t  
t h a n  s o f t  t i s s u e  a n d  so the k e r m a  i n  b o n e  w i l l  be  less t h a n  i n  s o f t  tissue.
T h i s  s h i e l d i n g  e f f e c t  o f  b o n e  for n e u t r o n s  w a s  r e v e r s e d  in the case  
of 2 5 0  k V  X - r a y s .  T h e  d o s e s  r e q u i r e d  to p r o d u c e  e q u a l  e f f e c t s  w e r e  s m a l l e r  
in the case of the b o n e - e q u i v a l e n t  p l a s t i c  b y  a b o u t  3%. T h i s  is due to the 
h i g h  a t o m i c  n u m b e r  m a t e r i a l s  i n  b o n e  c a u s i n g  an i n c r e a s e  in k e r m a  in  b o n e  
r e l a t i v e  to s o f t  t i s s u e  r e s u l t i n g  i n  m o r e  s e c o n d a r y  c h a r g e d  p a r t i c l e s  
r e a c h i n g  the s o f t  t issue b e h i n d  the b o n e .
3.2.3 Interface dosimetry
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A b s o r b e d  d o s e  is a m a c r o s c o p i c  c o n c e p t  r e l a t i n g  to the m e a n  e n e r g y  
a b s o r b e d  p e r  u n i t  m a s s  o f  the i r r a d i a t e d  m e d i u m .  It is the m i c r o s c o p i c  
d i s t r i b u t i o n  of e n e r g y  w h i c h  d e t e r m i n e s  the b i o l o g i c a l  e f f e c t i v e n e s s  of 
the r a d i a t i o n  field. T h e  m i c r o s c o p i c  d i s t r i b u t i o n  of e n e r g y  d e p o s i t i o n  
is d e t e r m i n e d  b y  the e n e r g y  loss p r o c e s s e s  in the t r a c k s  of  the s e c o n d a r y  
c h a r g e d  p a r t i c l e s .  A n  u n d e r s t a n d i n g  o f  the m i c r o s c o p i c  d i s t r i b u t i o n  of 
e n e r g y  is g a i n e d  by  u s e  of the c o n c e p t  of l i n e a r  e n e r g y  t r a n s f e r .
3 . 2 . 4 . 1  L i n e a r  e n e r g y  t r a n s f e r
The I . C . R . U .  (1962) d e f i n e s  the l i n e a r  e n e r g y  t r a n s f e r  (L) of c h a r g e d  
p a r t i c l e s  in a m e d i u m  as the q u o t i e n t  of  d E t b y  dL  w h e r e  dE^. is the a v e r a g e  
e n e r g y  l o c a l l y  i m p a r t e d  to t he m e d i u m  b y  a c h a r g e d  p a r t i c l e  of  s p e c i f i e d  
e n e r g y  in t r a v e r s i n g  a d i s t a n c e  of dL.
T h e  t e r m  " l o c a l l y  i m p a r t e d "  d r a w s  a t t e n t i o n  to the f a c t  that b e y o n d  
a m a x i m u m  v a l u e  of d i s c r e t e  e n e r g y  loss b y  the p a r t i c l e ,  l o s s e s  are n o  
l o n g e r  c o n s i d e r e d  as local. A n y  6 r a y s  in e x c e s s  of the c h o s e n  m a x i m u m  
v a l u e  of c u t  o f f  e n e r g y  are t h e n  c o n s i d e r e d  to b e  s e p a r a t e  p a r t i c l e s .  
D i f f e r e n t  L E T  s p e c t r a  are o b t a i n e d  d e p e n d i n g  o n  the v a l u e  of c u t - o f f  e n e r g y  
c h o s e n .  T h e  c a l c u l a t i o n  of L E T  s p e c t r a  is s i m p l i f i e d  if a l l  <S rays are 
c o n s i d e r e d  as p a r t  of the p r i m a r y  t r a c k ,  d e n o t e d  b y  a d d i n g  a s u b s c r i p t  (°°) 
to the a c r o n y m  LET. Thus:
3.2.4 Radiation quality
N e u t r o n  i r r a d i a t i o n  of  a m e d i u m  w i l l  r e s u l t  in c h a r g e d  p a r t i c l e s  h a v i n g  
a r a n g e  of k i n e t i c  e n e r g i e s  a n d  c o n s e q u e n t l y  of LE T ' s .  It is p o s s i b l e  to 
c a l c u l a t e  the L E T  d i s t r i b u t i o n  o f  the s e c o n d a r y  c h a r g e d  p a r t i c l e s  a r i s i n g
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E E T „
KeV p“ * in  w ater
Q .F .
< 3 .5 t
3 . 5 - 7 . 0 1-2
7 ,0 -2 3 2-5
21-5 3 5-10
53-175 10-20
Table  3 -  Ij. '• R e l a t i o n s h i p  between ( |u a l i t y
f a c t o r  and LET.. f o r  heavy io n ­
i s i n g  p a r t i c l e s ,  I .C .R .U ,  1963.
f r o m  n e u t r o n  i r r a d i a t i o n  ( B e .68, E d . 75). It is a l s o  u s e f u l  to d e t e r m i n e  
the d i f f e r e n t i a l  d i s t r i b u t i o n  of a b s o r b e d  d o s e  in LET, T h i s  is d e f i n e d  
as :
d(L) = — 5—  (-3.9)
w h e r e  D(L) is the a b s o r b e d  d o s e  a s s o c i a t e d  w i t h  L E T  v a l u e s  b e l o w  L, d i v i d e d  
b y  the t o tal a b s o r b e d  dose.
S n y d e r  u s e d  a M o n t e  C a r l o  code (05R) to c a l c u l a t e  the L E T  d i s t r i b u t i o n  
of d o s e  in t i s s u e  c y l i n d e r s  s i m u l a t i n g  s m a l l  a n i m a l s  a n d  m a n  (Sn.64) a n d  
D o u s s e t  e t  al. o b t a i n e d  the L E T  d i s t r i b u t i o n  o f  d o s e  in  a t h i n  s a m p l e  of 
w e t  t i s s u e  i r r a d i a t e d  b y  n e u t r o n s  ( D o . 71).
It is a s s u m e d  that d i f f e r e n c e s  in the b i o l o g i c a l  e f f e c t s  of r a d i a t i o n s  are 
r e l a t e d  to d i f f e r e n c e s  i n  L E T  of the c h a r g e d  p a r t i c l e s  th a t  d e l i v e r  the 
a b s o r b e d  dose. It w a s  t h e r e f o r e  p r o p o s e d  t h a t  d o s e s  s h o u l d  b e  e x p r e s s e d  in 
terms o f  b i o l o g i c a l  r a t h e r  th a n  p h y s i c a l  e f f e c t s .  C o n s e q u e n t l y  the c o n c e p t
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of d o s e  e q u i v a l e n t  w a s  i m p l e m e n t e d .  T h e  dose e q u i v a l e n t  (REM) is o b t a i n e d  
b y  m u l t i p l i c a t i o n  of the a b s o r b e d  d o s e  b y  the q u a l i t y  f a c t o r ,  w h i c h  is a 
f u n c t i o n  of L E T  as s h o w n  in t a b l e  3,4. T h u s  if the L E T  d i s t r i b u t i o n  is 
k n o w n  then the d o s e  e q u i v a l e n t  c a n  b e  a c c u r a t e l y  d e t e r m i n e d .
A c c u r a t e  L E T  d i s t r i b u t i o n s  f o r  n e u t r o n  i n d u c e d  s e c o n d a r y  c h a r g e d  
p a r t i c l e s  c a n n o t  be o b t a i n e d  e x p e r i m e n t a l l y .  T h i s  is m o r e  a c o n s e q u e n c e  
of the l i m i t a t i o n s  of  the c o n c e p t  o f  L E T  r a t h e r  than a l i m i t a t i o n  of 
e x p e r i m e n t a l  m e t h o d .  L E T  r e p r e s e n t s  a m e a n  v a l u e  a n d  so d o e s  n o t  take i n t o  
a c c o u n t  the s t o c h a s t i c  n a t u r e  of the e n e r g y  loss a l o n g  c h a r g e d  p a r t i c l e  
tracks. In m i c r o d o s i m e t r i c  s t u d i e s  the r e g i o n s  o f  i n t e r e s t  i n  t i s s u e  are 
s m a l l e r  th a n  1 y m  and c o n s e q u e n t l y  the t o t a l  e n e r g y  lo s t  b y  c h a r g e d  p a r t i c l e s  
in t r a v e r s i n g  the r e g i o n  w i l l  b e  so s m a l l  t h a t  t h e r e  w i l l  be  c o n s i d e r a b l e  
f l u c t u a t i o n s  in the e n e r g y  lost d u e  to e n e r g y  loss s t r a g g l i n g .
W a t t  and S u t c l i f f e  d r e w  a t t e n t i o n  to the i m p o r t a n c e  o f  q u a s i - e l a s t i c  
s c a t t e r i n g  of H, C, N  a n d  0, at e n e r g i e s  b e l o w  10 k e V / a m u ,  w i t h  b i o m o l e c u l e s  
(Wa.74). T h i s  p r o c e s s ,  i m p o r t a n t  at i n t e r m e d i a t e  n e u t r o n  e n e r g i e s ,  r e s u l t s  
in the e j e c t i o n  of w h o l e  a t o m s  f r o m  the b i o m o l e c u l e .  P r o t o n  b o m b a r d m e n t  
of r r b o n u c l e a s e  in the d r y  c r y s t a l l i n e  s t a t e  p r o d u c e d  m o l e c u l a r  i n a c t i v a t i o n  
f o u r  times m o r e  e f f i c i e n t l y  b y  q u a s i - e l a s t i c  i n t e r a c t i o n s  t h a n  b y  s i m p l e  
i o n i x i  t i o n , f o r  e q u a l  e n e r g y  e x p e n d i t u r e .  T h u s  it is p o s s i b l e  th a t  h e a v y  
c h a r g e d  p a r t i c l e s  of d i f f e r e n t  e n e r g y  b u t  t he s a m e  L E T  w i l l  p r o d u c e  d i f f e r e n t  
b i o l o g i c a l  e f f e c t s .  If this p r o c e s s  is i mportant, th e n  i t  c a s t s  s o m e  d o u b t  
on the u s e  of L E T  to i n f e r  b i o l o g i c a l  e f f e c t .
B e w l e y  c o m p a r e d  the o b s e r v e d  r e s p o n s e  of T 1  k i d n e y  c e l l s  to f o u r
d i f f e r e n t  n e u t r o n  s p e c t r a  to the c a l c u l a t e d  r e s p o n s e  b a s e d  on the L E T  
d i s t r i b u t i o n s .  H e  f o u n d  th a t  the c a l c u l a t e d  b i o l o g i c a l  e f f e c t  w a s  l o w e r
than the o b s e r v e d  v a l u e  in e a c h  c a s e  a n d  c o n c l u d e d  th a t  L E T  is n o t  an
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T h e r e f o r e  n e w  c o n c e p t s  e v o l v e d  w h i c h  take i n t o  a c c o u n t  the s t o c h a s t i c  
n a t u r e  of  e n e r g y  loss a n d  c o r r e s p o n d  to the a c t u a l  e n e r g y  d e p o s i t i o n  in 
m i c r o s c o p i c  r e g ions.
3 . 2 . 4 . 2  L i n e a l  e n e r g y  and s p e c i f i c  e n e r g y
R o s s i  d e n o t e d  the d e p o s i t i o n  of e n e r g y  in a g i v e n  m a s s  b y  c o r r e l a t e d  
i o n i z i n g  p a r t i c l e s  as an " e n e r g y  d e p o s i t i o n  e v e n t "  ( R o .68). T h e  e n e r g y  
d e p o s i t i o n  e v e n t  w i l l  d e p e n d  u p o n  the r a d i a t i o n  q u a l i t y  a n d  the s i z e  a n d  
a t o m i c  c o m p o s i t i o n  o f  the m a s s  of i n t e r e s t .
T h e  s t o c h a s t i c  q u a n t i t y  l i n e a l  e n e r g y  is d e f i n e d  as the q u o t i e n t  of 
e b y  d, w h e r e  e is the e n e r g y  i m p a r t e d  to t he m a t t e r  in a v o l u m e  d u r i n g  an 
e n e r g y  d e p o s i t i o n  e v e n t  a n d  d is the m e a n  c h o r d  l e n g t h  in the v o l u m e  of 
i n t e r e s t .  Thus,
adequate criterion of radiation quality (Ba.68).
d
T h e  m e a n  c h o r d  l e n g t h  is the a v e r a g e  o f  the c h o r d s  r a n d o m l y  c r o s s i n g  
a r e g i o n .
T w o  d i f f e r e n t  d i s t r i b u t i o n s  o f  y  c a n  b e  d e f i n e d ,  the d i s t r i b u t i o n  of the 
f r e q u e n c y  of e v e n t s  in y, d e n o t e d  f ( y ) , a n d  the d i s t r i b u t i o n  of  a b s o r b e d  d o s e  
in y, d e n o t e d  d ( y ) , T h e  e x p e c t a t i o n  v a l u e s  of t h ese two d i s t r i b u t i o n s  y ^  
a n d  y ^  can be o b t a i n e d  in the u s u a l  wa y .
C a l c u l a t i o n s  of  y  s p e c t r a  a n d  e x p e r i m e n t a l  d e t e r m i n a t i o n s  u s i n g  
s p h e r i c a l l y  s h a p e d  t i s s u e  e q u i v a l e n t  p r o p o r t i o n a l  c o u n t e r s  are in g o o d  
a g r e e m e n t  (01.72).
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C a s w e l l  et al. c a l c u l a t e d  y a n d  y  f o r  v a r i o u s  c h a r g e d  p a r t i c l e sr u
in t i s s u e  as a f u n c t i o n  of n e u t r o n  e n e r g y  (Ca.74).
T h e  e n e r g y  a nd a n g u l a r  d e p e n d e n t  c r oss s e c t i o n s  a r e  u s e d  to c a l c u l a t e  
the i n i t i a l  s p e c t r a  of c h a r g e d  p a r t i c l e s  p r o d u c e d  b y  n e u t r o n s  of a g i v e n  
e n e r g y  ( C a . 72). E x p e r i m e n t a l  s t o p p i n g  p o w e r s  are th e n  f o l d e d  i n t o  t h e s e  
i n i t i a l  s p e c t r a  to gi v e  the s l o w i n g  d o w n  s p e c t r a  o f  the c h a r g e d  p a r t i c l e s .  
T h e s e  two s p e c t r a  are th e n  c o m b i n e d  a n d  a n u m e r i c a l  i n t e g r a t i o n  o v e r  the 
p o s s i b l e  c h o r d  l e n g t h s  of the c a v i t y  is c o m p u t e d .
T h e  s p e c i f i c  e n e r g y  i m p a r t e d  is the s t o c h a s t i c  a n a l o g u e  of a b s o r b e d
dose a n d  t h e r e f o r e  has the s a m e  d i m e n s i o n s  as the a b s o r b e d  dose.
T h e  s p e c i f i c  e n e r g y  c an be d e f i n e d  f or m u l t i p l e  as w e l l  as s i n g l e
e v e n t s .  F o r  s i n g l e  e v e n t s  it is d e f i n e d  as:
Z - 2  y  (3.11)m
w h e r e  m  is the m a s s  of the regi o n .
T h u s  the d i s t r i b u t i o n  of s p e c i f i c  e n e r g y  at a g i v e n  a b s o r b e d  do s e  
can b e  c a l c u l a t e d  f r o m  the d i s t r i b u t i o n  of y.
3. 2 . 5  R e l a t i v e  b i o l o g i c a l  e f f e c t i v e n e s s
T h e  r e l a t i v e  b i o l o g i c a l  e f f e c t i v e n e s s  (RBE) of one r a d i a t i o n  w i t h  
r e s p e c t  to a n o t h e r  is d e f i n e d  as the i n v e r s e  r a t i o  of the a b s o r b e d  d o s e s  
r e q u i r e d  for e q u a l  e f f e c t .  T h e  R BE o f  a p a r t i c u l a r  k i n d  of r a d i a t i o n  is 
u s u a l l y  e x p r e s s e d  r e l a t i v e  to t h a t  o f  2 0 0  k V  X - r a d i a t i o n  t a k e n  as u n i t y .
T h e  R B E  d e p e n d s  u p o n  the s y s t e m  u n d e r  st u d y ,  the e n d  p o i n t  c o n s i d e r e d ,  
dose, d o s e  r a t e  a n d  the e n e r g y  of  the r a d i a t i o n ,  T h e r e f o r e ,  it is i m p o r t a n t  
to s p e c i f y  all p a r a m e t e r s  r e l a t i n g  to a v a l u e  of RBE.
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K e l l e r e r  a n d  R o s s i  (Ke.71) e x a m i n e d  the d e p e n d e n c e  of RBE o n  d o s e  
f o r  n e u t r o n s  in h i g h e r  o r g a n i s m s .  I t  w a s  f o u n d  that a p l o t  of the 
l o g a r i t h m  o f  R B E  of low e n e r g y  n e u t r o n s  r e l a t i v e  to X  o r  y - r a y s ,  v e r s u s  
the l o g a r i t h m  of  n e u t r o n  d o s e  r e s u l t s  in a line of s l o p e  - 5 o v e r  a w i d e
r a n g e  of doses. T h e  a u t h o r s  e x p l a i n e d  the s l o p e  of this c u r v e  on  the b a s i s
of a t h e o r y  o f  d u a l  r a d i a t i o n  action. T h i s  t h e o r y  a s s u m e s  t h a t  the 
b i o l o g i c a l  e f f e c t  of n e u t r o n s  is due to the p r o d u c t i o n  of a p r i m a r y  l e s i o n  
b y  a s i n g l e  p a r t i c l e  of h i g h  L E T  w h i l s t  i n a c t i v a t i o n  b y  e l e c t r o m a g n e t i c  
r a d i a t i o n  r e q u i r e s  two e l e c t r o n s .
T h e  m a i n  v a r i a t i o n  o f  R B E  o c c u r s  in the d o s e  r a n g e  f r o m  1 - 1 0 0  rad
w i t h  the RBE f a l l i n g  f r o m  a v a l u e  of a b o u t  30 to 3.
T h e  d e p e n d e n c e  of RBE o n  d o s e  f o r  n e u t r o n s  w a s  c o n f i r m e d  in an 
e p i d e m i o l o g i c a l  s t u d y  on  the i n c i d e n c e  of l e u k e m i a  in J a p a n e s e  v i c t i m s  of 
the a t o m i c  b o m b  e x p l o s i o n s  at H i r o s h i m a  a n d  N a g a s a k i  (Ro.74),
T h e  m a n n e r  in w h i c h  R B E  v a r i e s  as a f u n c t i o n  o f  n e u t r o n  e n e r g y  w a s  
i n v e s t i g a t e d  b y  H a l l  e t  al. u s i n g  m a m m a l i a n  c e l l s  in c u l t u r e .  N i n e  
m o n o e n e r g e t i c  n e u t r o n  e n e r g i e s  b e t w e e n  1 1 0  lceV a nd 15 M e V  w e r e  p r o d u c e d  
u s i n g  an a c c e l e r a t o r  f a c i l i t y .  N e u t r o n s  at 3 50 lceV w e r e  f o u n d  to b e  the 
m o s t  b i o l o g i c a l l y  e f f e c t i v e ,  the R BE f a l l i n g  o ff at h i g h e r  a n d  l o w e r  n e u t r o n  
e n e r g i e s  ( H a . 75).
A  b i o l o g i c a l  e f f e c t  o f  n e u t r o n  i r r a d i a t i o n  w h i c h  p r o v e s  a d v a n t a g e o u s  in 
the f i e l d  o f  r a d i o t h e r a p y  is t h a t  of  i n c r e a s e d  e f f e c t i v e n e s s  c o m p a r e d  to 
p h o t o n s  in d e s t r o y i n g  a n o x i c  t u m o u r  c e l l s .  The o x y g e n  e n h a n c e m e n t  r a t i o  
(OER) is d e f i n e d  as the r a t i o  b e t w e e n  d o s e s  of r a d i a t i o n  r e q u i r e d  to p r o d u c e  
e q u a l  d e g r e e s  of d a m a g e  in a n o x i c  a n d  o x y g e n a t e d  c ells. H i g h  v a l u e s  o f  OER, 
b e t w e e n  2,5 a n d  3.5, are f o u n d  f o r  l o w  L E T  r a d i a t i o n  w i t h  l o w e r  v a l u e s  b e i n g  
o b s e r v e d  for r a d i a t i o n  w i t h  h i g h e r  m e a n  LET. T h e  O E R  h as b e e n  s h o w n  to v a r y
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w i t h  dose ( S c . 63). It also d e p e n d s  u p o n  n e u t r o n  e n e r g y  a n d  the s y s t e m  
b e i n g  i r r a d i a t e d .  V a l u e s  of O E R  h a v e  b e e n  f o u n d  at d i f f e r e n t  n e u t r o n  
e n e r g i e s  b u t  they are o b t a i n e d  u s i n g  d i f f e r e n t  s y s t e m s .  D i f f e r e n t  O E R  
v a l u e s  h a v e  b e e n  m e a s u r e d  f o r  X - r a y s  u s i n g  d i f f e r e n t  s y s t e m s  w h i c h  
i n d i c a t e s  that n o  c o n c l u s i o n s  c a n  b e  d r a w n  f r o m  s u c h  data. H o w e v e r  
B a r e n d s e n  and B r o e r s e  w e r e  a b l e  to m e a s u r e  the v a r i a t i o n  in O E R  w i t h  
n e u t r o n  e n e r g y  f o r  T - l  c e l l s  ( B a ,66). T h e y  c o n c l u d e d  t h a t  O E R  w a s  n o t  
d e p e n d e n t  on n e u t r o n  e n e r g y  as the O E R  i n c r e a s e d  f r o m  1.5 at 1,5 M e V  to
1.6 at 15 MeV. T h i s  c o n s t a n c y  o f  O E R  w i t h  n e u t r o n  e n e r g y  is e x p l a i n e d  on
the b a s i s  of the m e a n  L E T  s p e c t r a  of  the r a d i a t i o n .  O'ER v a l u e s  are k n o w n  
to d e c r e a s e  w i t h  i n c r e a s i n g  L E T  f r o m  2 . 6  at 5 , 6  k e V / y  of u n i t  d e n s i t y  
t i s s u e  to a v a l u e  of  2 . 0 5  at 61 k e V / y .  F o r  L E T  v a l u e s  in e x c e s s  of
61 k e V / y  t h e r e  is a r a p i d  d e c r e a s e  to 1,0 at 165 k e V / y .  T h e r e f o r e  it w o u l d  
s e e m  th a t  the c o n s t a n c y  of O E R  w i t h  n e u t r o n  e n e r g y  is due to the w i d t h  of the
L E T  s p e c t r a  p r o d u c e d  a nd the m a j o r i t y  of L E T  v a l u e s  b e i n g  s i m i l a r  at
d i f f e r e n t  n e u t r o n  e n e r g i e s .
3 . 2 . 6  D o s e  m e a s u r e m e n t
A  n e u t r o n  d o s e  is a l w a y s  a s s o c i a t e d  in p r a c t i c e  w i t h  a c o n c o m i t a n t  
y - r a y  dose. T he y - r a y s  m a y  r e s u l t  f r o m  the n e u t r o n  p r o d u c t i o n  p r o c e s s  or 
t h e y  m a y  b e  due to n e u t r o n  i n t e r a c t i o n s  i n  s h i e l d i n g  m a t e r i a l s  or  the 
i r r a d i a t e d  m e d i u m  i t s e l f .  I t  is n e c e s s a r y  to s e p a r a t e  the d o s e  due to 
n e u t r o n s  f r o m  the d o s e  due to y - r a y s  in the m i x e d  n - y  f i e l d  as o n l y  then 
c a n  a true e s t i m a t e  o f  the b i o l o g i c a l  e f f e c t  b e  m a d e .
T h e r e  are m a n y  d i f f e r e n t  m e t h o d s  o f  d e t e r m i n i n g  n e u t r o n  a nd y ~ r a y  d o s e s  
in m i x e d  f i e l d s  b u t  p r o b a b l y  the t e c h n i q u e  w h i c h  h a s  f o u n d  the m o s t  g e n e r a l  
i m p l e m e n t a t i o n  is th a t  of the p a i r e d  i o n i z a t i o n  c h a m b e r s .
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The B r a g g - G r e y  r e l a t i o n  s h o w e d  t h a t  f o r  p h o t o n s  it is p o s s i b l e  to 
r e l a t e  the i o n i z a t i o n  in a g a s - f i l l e d  c a v i t y  to the a b s o r b e d  d o s e  in the 
s u r r o u n d i n g  m e d i u m  if the c h a r g e d  p a r t i c l e s  l i b e r a t e d  in the m e d i u m  l o s e  a 
n e g l i g i b l e  f r a c t i o n  of t h e i r  e n e r g y  in t r a v e r s i n g  the c a v i t y  ( B u .68). In 
this c a s e  the r a t i o  o f  the a b s o r b e d  d o s e s  in the m e d i u m  a n d  the c a v i t y  is:
D
™  = s (3.12)
D g m ’S
w h e r e  s is the r a t i o  o f  the a v e r a g e  m a s s  c o l l i s i o n  s t o p p i n g  p o w e r s  m, g
of the m e d i u m  a n d  the g a s .
T h e  a b o s o r b e d  d o s e  in the gas f i l l e d  c a v i t y  is:
W  J
D  = — &  (3.13)
8 e
w h e r e  W  is the a v e r a g e  e n e r g y  e x p e n d e d  in the p r o d u c t i o n  of an ion p a i r .
e is the e l e c t r o n i c  c h a r g e
J is the q u o t i e n t  of the c h a r g e  of  one s i g n  b y  the m a s s  of g ‘as.
S
S u b s t i t u t i o n  of this r e l a t i o n  i n t o  e q u a t i o n  (3.12) y i e l d s  
W  J s
D =  g-  (3.14)m  e
T w o  i m p o r t a n t  f a c t o r s  m u s t  b e  t a k e n  i n t o  a c c o u n t  w h e n  a t t e m p t i n g  
to m e a s u r e  n e u t r o n  d o s e  w i t h  an i o n i z a t i o n  c h a m b e r  i.e. a gas f i l l e d  c a v i t y  
in the i r r a d i a t e d  m e d i u m .
a) A l t h o u g h  s . can be c o n s i d e r e d  i n d e p e n d e n t  of e l e c t r o n  e n e r g y  f o r
p r a c t i c a l  a p p l i c a t i o n s  o f  y d o s e  m e a s u r e m e n t s  it m a y  v a r y  a p p r e c i a b l y  
o v e r  the r a n g e  o f  v e l o c i t i e s  o f  the v a r i o u s  s e c o n d a r y  c h a r g e d  p a r t i c l e s  
p r o d u c e d  b y  n e u t r o n s .
3.2.6.1 Paired ionization chambers technique
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b) It  is p r a c t i c a l l y  i m p o s s i b l e  to o b t a i n  a d e q u a t e  i o n  c u r r e n t s  f r o m
c h a m b e r s  s m a l l  e n o u g h  to s a t i s f y  the c r i t e r i o n  of n e g l i g i b l e  e n e r g y  
loss b y  s e c o n d a r y  c h a r g e d  p a r t i c l e s  in the cavity.
T h e s e  two d i f f i c u l t i e s  are o v e r c o m e  b y  u s i n g  c h a m b e r s  h a v i n g  i d e n t i c a l  
a t o m i c  c o m p o s i t i o n  of  w a l l  a n d  gas. Th i s  e n s u r e s  th a t  s m , g  is u n i t y  a n d  
that the f l u e n c e  o f  c h a r g e d  p a r t i c l e s  is the s a m e  in the w a l l  a n d  the gas 
r e g a r d l e s s  of c a v i t y  s i z e ,  p r o v i d e d  the n e u t r o n  f l u e n c e  is c o n s t a n t  o v e r  
the d i m e n s i o n s  of  the c a v i t y  ( R o .68),
H o m o g e n e o u s  t i s s u e  e q u i v a l e n t  c h a m b e r s  c an b e  c o n s t r u c t e d  u s i n g  
v a r i o u s  c o n d u c t i n g  m u s c l e  e q u i v a l e n t  p l a s t i c s  a n d  t i s s u e  e q u i v a l e n t  g ases. 
O n e  of the m o s t  w i d e l y  u s e d  t i s s u e  e q u i v a l e n t  p l a s t i c s ,  A - 1 5 0 ,  h a s  m o r e
c a r b o n  a n d  less o x y g e n  t h a n  m u s c l e  a n d  this is u s u a l l y  true o f  the t i s s u e
e q u i v a l e n t  g a s e s  u s e d  ( I c .77). H o w e v e r ,  an a c c e p t a b l e  m a t c h  b e t w e e n  gas a n d
w a l l  a n d  a v e r y  c l o s e  a g r e e m e n t  to t i s s u e  c a n  b e  a c h i e v e d .
a t i s s u e  e q u i v a l e n t  i o n i z a t i o n  c h a m b e r  a n d  then the y - r a y  d o s e  is m e a s u r e d  
u s i n g  a n  i o n i z a t i o n  c h a m b e r  of v e r y  l o w  n e u t r o n  s e n s i t i v i t y ,
F o l l o w i n g  the n o m e n c l a t u r e  p r o p o s e d  b y  I C R U  (1977) the q u o t i e n t s  o f  
the r e s p o n s e s  o f  the t i s s u e  e q u i v a l e n t  c h a m b e r  T a nd the n e u t r o n  i n s e n s i t i v e
T h u s ,
W  J
D g (3.15)m e
I n  the p a i r e d  c h a m b e r  t e c h n i q u e ,  the t o t a l  do s e  is m e a s u r e d  b y  s u c h
c h a m b e r  U in a m i x e d  n - y  fi e l d ,  b y  t h e i r  s e n s i t i v i t i e s  to y - r a y s  u s e d  f or
c a l i b r a t i o n , a r e  r e s p e c t i v e l y  g i v e n  by:
(3.16)
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w h e r e  and D^, are the a b s o r b e d  d o s e s  in t i s s u e  of n e u t r o n s  a nd o f  p h o t o n s  N  G
r e s p e c t i v e l y ,  a n d  the r a t i o s  o f  the s e n s i t i v i t i e s  of  e a c h  d o s i m e t e r  
to n e u t r o n s  to i t s  s e n s i t i v i t y  to the y - r a y s  u s e d  f o r  c a l i b r a t i o n ,  a n d  h ^  
a n d  h^ a re the r a t i o s  of the s e n s i t i v i t i e s  of e a c h  d o s i m e t e r  to the p h o t o n s  
in the m i x e d  f i e l d  to its s e n s i t i v i t y  to the y - r a y s  u s e d  f o r  c a l i b r a t i o n .
S o l u t i o n  o f  t h e s e  s i m u l t a n e o u s  e q u a t i o n s  g ives:
Ru " KUDN + V g ( 3 ‘ 17)
d = -1 -v- y . ( 3 .18)
U  T T U
k t r u - k u r t
DG = (3‘ l9)
T h e  r a t i o s  hj, h ^  and are u s u a l l y  c l o s e  to u n i t y  so the a b s o r b e d  
d o s e s  are g i v e n  by:
T^ RU
d n  - ( 3 -20)
V k u r tD = (3.21)G 1 - K  2
T h e r e f o r e  it is n e c e s s a r y  to d e t e r m i n e  the r e l a t i v e  n e u t r o n  s e n s i t i v i t y  
K y  of the s u p p o s e d l y  n e u t r o n  i n s e n s i t i v e  ch a m b e r .  A l t h o u g h  it is p o s s i b l e  
to u s e  C - C 0 2 a n d  M g - A r  c h a m b e r s  as the n e u t r o n  i n s e n s i t i v e  d e v i c e , i t  is n o w  
g e n e r a l  p r a c t i c e  to u s e  c o m m e r c i a l l y  a v a i l a b l e  G e i g e r +Mtteller tubes w i t h  
s p e c i a l l y  c o n s t r u c t e d  f i l t e r s  f o r  u n i f o r m  r e s p o n s e  as t h e i r  n e u t r o n  
s e n s i t i v i t y  is lower. W a g n e r  a n d  H u r s t  s h o w e d  that the f a s t  n e u t r o n  r e s p o n s e  
of s u c h  a G - M  tube w a s  less t h a n  0 . 5 %  (Wa , 6 1 ) .  T he r e l a t i v e  n e u t r o n
- 89 -
s e n s i t i v i t y  is a f u n c t i o n  of n e u t r o n  e n e r g y  a n d  so m u s t  b e  d e t e r m i n e d  f o r  
the s p e c t r u m  in w h i c h  the d o s e  is to b e  d e t e r m i n e d .  V a r i o u s  m e t h o d s  e x i s t  
for m e a s u r i n g  K p . A t t i x  et al, u s e d  a m o d i f i e d  a t t e n u a t i o n  m e t h o d ,  the 
m a i n  f e a t u r e  of the t e c h n i q u e  is the u s e  of  a l e a d  f i l t e r  to r e m o v e  m o s t  
of the y - r a y s  f r o m  the b e a m  w h i l e  p a s s i n g  the n e u t r o n s  ( A t . 75). E q u a t i o n s  
(3.16) and (3.17) g i v e  the d e t e c t o r  r e s p o n s e s  and so m e a s u r e m e n t s  m a d e  w i t h  
d i f f e r e n t  t h i c k n e s s e s  o f  lead y i e l d  a s e r i e s  of s i m u l t a n e o u s  e q u a t i o n s  w h i c h  
can be s o l v e d  f o r  K p . L e w i s  a n d  Y o u n g  d e t e r m i n e d  K p  f o r  14 M e V  n e u t r o n s .
In the 3H(d,n)4lle r e a c t i o n  the n e u t r o n  a n d  a - p a r t i c l e  a re e m i t t e d  at a l m o s t  
180° to e a c h  o ther. T h u s  an a - d e t e c t o r  p l a c e d  at s o m e  a r b i t r a r y  a n g l e  d e f i n e s  
a co n e  of n e u t r o n s  in the o p p o s i t e  d i r e c t i o n  a n d  b y  o b s e r v i n g  the c o i n c i d e n c e  
c o u n t  r a t e  of  the a - d e t e c t o r  a nd the G - M  c o u n t e r  it is p o s s i b l e  to d e t e r m i n e  
Ky for the G - M  c o u n t e r  (Le.77). L e w i s  a n d  H u n t  m e a s u r e d  K p  v a l u e s  f o r  
d i f f e r e n t  G - M  tubes f o r  n e u t r o n s  of 4.2 a nd 5.5 M e V  n e u t r o n s  u s i n g  a f i e l d ,  
p r o d u c e d  b y  the 2H ( d , n ) 3H e  r e a c t i o n ,  w i t h  an i s o t r o p i c  y ~ d o s e  c o m p o n e n t  a n d  
an a n i s o t r o p i c  n e u t r o n  c o m p o n e n t  (Le . 7 8 ) .  T h e  e f f e c t s  of u n c e r t a i n t y  in  the 
v a l u e  of K y  o n  the a c c u r a t e  d e t e r m i n a t i o n  of n e u t r o n  a n d  g a m m a  ray' d o s e s  in  
m i x e d  n - y  f i e l d s  h a v e  b e e n  i n v e s t i g a t e d  b y  s e v e r a l  a u t h o r s  ( G o . 75, B u . 7 6 ,  C o . 76).
3 . 2 . 6 .2 F l u e n c e  to d o s e  c o n v e r s i o n
a) M u l t i p l e  f o i l  a c t i v a t i o n
T h e  n e u t r o n  s p e c t r u m  c a n  be d e t e r m i n e d  b y  the u s e  of f o i l s  h a v i n g  
d i f f e r e n t  t h r e s h o l d  e n e r g i e s  f o r  p a r t i c u l a r  n e u t r o n  i n d u c e d  r e a c t i o n s  
y i e l d i n g  r a d i o a c t i v e  p r o d u c t s ,  as o u t l i n e d  in c h a p t e r  4. T h e  k e r m a  at 
the p o s i t i o n  of the a c t i v a t i o n  d e t e c t o r  c a n  then b e  c a l c u l a t e d  u s i n g  
t a b u l a t e d  k e r m a  f a c t o r s .
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b) O r g a n i c  s cin t i l l a t o r s
S o l i d  or l i q u i d  o r g a n i c  s c i n t i l l a t o r s  c an b e  u s e d  f o r  n e u t r o n  
d o s i m e t r y  o v e r  the e n e r g y  r a n g e  0 . 5  to 20 M e V .  T h e  n e u t r o n  s p e c t r u m  is 
d e t e r m i n e d  b y  u n f o l d i n g  the r e c o i l  p r o t o n  s p e c t r a  a n d  y - r a y s  are 
d i s c r i m i n a t e d  a g a i n s t  u s i n g  p u l s e - s h a p e  d i s c r i m i n a t i o n .  T h e  k e r m a  is 
c a l c u l a t e d  f r o m  the n e u t r o n  s p e c t r u m  as d e s c r i b e d  a b ove.
3 . 2 .6 .3 N u c l e a r  t r a c k  r e c o r d e r s
T h i s  t e c h n i q u e  h as f o u n d  m o r e  a p p l i c a t i o n  in h e a l t h  p h y s i c s  m o n i t o r i n g  
r a t h e r  than in m e d i c a l  d o s i m e t r y .
T h e s e  d o s i m e t e r s  c o n s i s t  of s m a l l  q u a n t i t i e s  o f  n e u t r o n  f i s s i o n a b l e  
m a t e r i a l s  p l a c e d  n e x t  to p l a s t i c ,  g l a s s  or m i n e r a l  d e t e c t o r  m a t e r i a l s .
F i s s i o n  f r a g m e n t s  p r o d u c e  m i c r o s c o p i c  d a m a g e  in the d e t e c t o r  m a t e r i a l  in the 
f o r m  of t r a c k s  w h i c h  b e c o m e  v i s i b l e ,  a n d  c a n  b e  c o u n t e d ,  w h e n  the d e t e c t o r  
m a t e r i a l  is e t c h e d  i n  a p p r o p r i a t e  s o l u t i o n s  ( B e .68, B a . 66, A g . 7 0 ) .  The 
n e u t r o n  d o s e  is t h e n  i n f e r r e d  f r o m  the n u m b e r  of  tr a c k s  p e r  u n i t  a r e a  o f  the 
d e t e c t o r ,
3 . 2 .6 .4 P h o t o g r a p h i c  e m u l s i o n s
y - d o s e s  a r e  m e a s u r e d  b y  m e a n s  o f  the s e c o n d a r y  e l e c t r o n s  p r o d u c e d  in 
the e m u l s i o n  r e n d e r i n g  t h e  A g  B r  g r a i n s  d e v e l o p a b l e .  T h e  d e p e n d e n c e  o f  
s e n s i t i v i t y  o n  p h o t o n  e n e r g y  is l a r g e l y  o v e r c o m e  b y  t h e  u s e  o f  f i l t e r s  of 
AL, C d  o r  S n  o f  a b o u t  1 m m  t h i c k n e s s .
T h e r m a l  n e u t r o n s  can b e  m e a s u r e d  f r o m  the a b s o r b e d  d o s e  d e l i v e r e d  to the 
f i l m  b y  p - r a y s  f r o m  a c t i v a t e d  s i l v e r  a t o m s  o r  b y  c o u n t i n g  r e c o i l  p r o t o n  t r a c k s  
f r o m  the t h e r m a l  n e u t r o n  r e a c t i o n 11+N ( n , p )  llfC . H o w e v e r ,  the m o s t  c o m m o n l y
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u s e d  t e c h n i q u e  c o n s i s t s  o f  p l a c i n g  two t h i n  ( 0.5-1 mm) C d  f o i l s  o n  e a c h  
s i d e  of the f i l m  and m e a s u r i n g  the a b s o r b e d  do s e  in the e m u l s i o n  d ue to 
the t h e r m a l  r a d i a t i v e  c a p t u r e  y - r a y s  f r o m  ca d m i u m .
F a s t  n e u t r o n  d o s e s  are m e a s u r e d  b y  e x a m i n a t i o n  of t he t r a c k s  p r o d u c e d  
b y  k n o c k  on p r o t o n s  ( D u .66).
F i l m  b a d g e s  a r e  n o r m a l l y  u s e d  in p e r s o n n e l  d o s i m e t r y  b u t  they h a v e  
b e e n  u s e d  to d e t e r m i n e  n e u t r o n  a n d  g a m m a  r ay d o s e s  in m i x e d  n - y  f i e l d s  in 
m e d i c a l  d o s i m e t r y .  B e w l e y  a n d  P a r b e l l  f o u n d  th a t  b y  p l a c i n g  a f i l m  in 
lead s c r e e n s  the m a x i m u m  v a l u e  of  K p w a s  o n l y  0 . 0 3  ( B e . 69).
3 . 2 .6 .5 F i s s i o n  c h a m b e r s
P o r t e r  et al. d e s c r i b e d  a t e c h n i q u e  in w h i c h  the n e u t r o n  d o s e  is 
d e t e r m i n e d  f r o m  the c o m p o s i t e  r e s p o n s e  o f  2 3 7 Np  and 2 3 8 U  f i s s i o n  c h a m b e r s  
(Po.75) .
T h e  k e r m a  in m e d i u m  m, K p C , is c a l c u l a t e d  d i r e c t l y  f r o m  the c o u n t s  ° NP 
and Cp o b t a i n e d  f r o m  the n e p t u n i u m  a n d  u r a n i u m  c h a m b e r  r e s p e c t i v e l y  as:
K F C = a C N P + b C U  ( 3 '22)
T h e  o p t i m u m  v a l u e s  o f  a a n d  b are o b t a i n e d  b y  l e a s t  s q u a r e s  a n a l y s i s  b y  
m i n i m i z i n g  the s q u a r e d  d e v i a t i o n s  o f  the lcermas g i v e n  b y  the c o m p o s i t e  f i s s i o n  
c h a m b e r  t e c h n i q u e ,  K ™  ( E ) , f r o m  k e r m a  c a l c u l a t e d  f r o m  the t a b u l a t e d  k e r m a s  p e r  
u n i t  f l u e n c e ,  K m ( E ) , o v e r  the n e u t r o n  s p e c t r u m  of  i n t e r e s t .  As  a c o n s e q u e n c e  
of the s i m i l a r  v a r i a t i o n s  w i t h  n e u t r o n  e n e r g y  of the f i s s i o n  r e a c t i o n  c r o s s -  
s e c t i o n s  a n d  k e r m a  in t i s s u e , i t  is f o u n d  th a t  the p a r a m e t e r s  a a nd b c an b e  
u s e d  f o r  a w i d e  v a r i e t y  of n e u t r o n  s p e c t r a .
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3 . 2 . 6 .6 T h e r m o l u m i n e s c e n t  d e v i c e s
T he u se o f  T L D  to d e t e r m i n e  b o t h  n e u t r o n  a n d  Y ~ r a y  d o ses has n o t  
f o u n d  a v e r y  w i d e  a p p l i c a t i o n .  H o w e v e r ,  B l u m  e t  al. m e a s u r e d  the s e p a r a t e  
c o m p o n e n t s  u s i n g  C a F  (Mn) T e f l o n  d i s c s  e x p o s e d  in p a i r s ,  o ne in a h y d r o ­
g e n o u s  s u r r o u n d  a n d  the o t h e r  in a l e a d  s u r r o u n d ( B l . 73). T h e  a u t h o r s  f o u n d  
that the r e s p o n s e  of the d i scs w a s  d i r e c t i o n a l l y  d e p e n d e n t  a n d  s u g g e s t e d  
that this p r o b l e m  m i g h t  b e  o v e r c o m e  u s i n g  m i c r o r o d s  r a t h e r  t h a n  d i scs.
A n o t h e r  d i s a d v a n t a g e  of the t e c h n i q u e  is that the r e l a t i v e  n e u t r o n  s e n s i t i v i t y ,  
K E , is f o u n d  to r i s e  s h a r p l y  w i t h  i n c r e a s i n g  n e u t r o n  e n e r g y .
3 . 2 . 6 . 7  S e m i c o n d u c t o r  d e v i c e s
I r r a d i a t i o n  of s i l i c o n  o r  c a d m i u m  s u l p h i d e  s e m i c o n d u c t o r s  w i t h  f a s t  
n e u t r o n s  p r o d u c e s  r e l a t i v e l y  p e r m a n e n t  c h a n g e s  in the c r y s t a l  s t r u c t u r e .
T h e  n e u t r o n  d o s e  is i n f e r r e d  f r o m  a c a l i b r a t i o n  c u r v e  r e l a t i n g  n e u t r o n  
e x p o s u r e  a n d  the o b s e r v e d  c h a n g e  in v o l t a g e  o b t a i n e d  b y  a p p l y i n g  a c o n s t a n t  
f o r w a r d  c u r r e n t  t h r o u g h  the d e v i c e  b e f o r e  a nd a f t e r  e x p o s u r e  ( F o .66). T h e  
d a m a g e  p r o d u c e d  in the c r y s t a l  is n o t  s t a b l e  and c o r r e c t i o n s  h a v e  to b e  m a d e  
for the " f a d i n g "  t h a t  o c c u r s  e v e n  o v e r  r e l a t i v e l y  s h o r t  time p e r i o d s .  T h e  
s e n s i t i v i t y  o f  the d i o d e s  r e m a i n s  r e a s o n a b l y  c o n s t a n t  f o r  n e u t r o n  e n e r g i e s  
g r e a t e r  t h a n  a b o u t  3 00 k e V  b u t  v a r i e s  c o n s i d e r a b l y  at l o w e r  n e u t r o n  e n e r g i e s .  
N e u t r o n  a b s o r b e d  d o s e s  b e l o w  a b o u t  10 r a d  c a n n o t  b e  m e a s u r e d  w i t h  any 
a c c u r a c y  d ue to the t e m p e r a t u r e  d e p e n d e n c e  of the v o l t a g e  m e a s u r e m e n t .  H o w ­
e v e r ,  at h i g h e r  n e u t r o n  d o s e s  d i o d e s  c a n  b e  u s e d  to m a p  the n e u t r o n  d o s e  
in a p h a n t o m  w i t h  s p e e d ,  e a s e  a n d  g o o d  s p a t i a l  r e s o l u t i o n  w i t h  an a c c u r a c y  
c o m p a r a b l e  to T L D  a nd a c t i v a t i o n  m e t h o d s  (Fr.77).
C h e m i c a l  d o s i m e t e r s  a n d  c a l o r i m e t e r s  are p r a c t i c a l l y  n e v e r  u s e d  in 
m e d i c a l  d o s i m e t r y  so t h e i r  p r i n c i p l e s  o f  o p e r a t i o n  n e e d  n o t  b e  e x p l o r e d .
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T h e  s u b j e c t  of m i x e d  f i e l d  d o s i m e t r y  is in a s t a t e  of a c t i v e  
d e v e l o p m e n t  a n d  is too l a r g e  to g i v e  o t h e r  t h a n  the t h i n n e s t  of o u t l i n e s .  
T o c h l i n  a n d  S h u m w a y  a n d  the I C R U  h a v e  r e v i e w e d  the a c h i e v e m e n t s  and p r o b l e m s  
in this f i e l d  ( T o . 69, I c . 7 7 ) .
3 . 2 . 7  A c c e p t a b l e  d o s e s  f o r  i n - v i v o  a c t i v a t i o n
T he d o s e s  d e l i v e r e d  to p a t i e n t s  b y  the t e c h n i q u e s  o f  i n - v i v o  n e u t r o n  
a c t i v a t i o n  a n a l y s i s  m u s t  b e  a c c e p t a b l y  s m a l l  f r o m  the p o i n t  of v i e w  of  the 
p r o b a b l e  s o m a t i c  a n d  g e n e t i c  e f f e c t s .
R e c e n t  c o m p r e h e n s i v e  s u r v e y s  i n d i c a t e  t h a t  the n u m b e r  of r a d i a t i o n  
i n d u c e d  c a n c e r s  in an i r r a d i a t e d  p o p u l a t i o n  w i l l  b e  c o n s i d e r a b l y  g r e a t e r  
t h a n  the n u m b e r  of d e s c e n d a n t s  of s u c h  a p o p u l a t i o n  w h o  m a y  s u f f e r  f r o m  
g e n e t i c  h a n d i c a p s  (Un.72, B e . 72). F o r  this r e a s o n  a n d  al s o  b e c a u s e  the 
h e r e d i t a r y  e f f e c t s  of  r a d i a t i o n  h a v e  n o t  y e t  b e e n  d e m o n s t r a t e d  a t t e n t i o n  
is p r i m a r i l y  f o c u s e d  on the s o m a t i c  e f f e c t s .
T h e r e  is n o  d o u b t  th a t  i o n i z i n g  r a d i a t i o n  m a y  i n d u c e  c a n c e r  i n  man.
T he c l e a r e s t  d e m o n s t r a t i o n  o f  the i n d u c t i o n  of  c a n c e r s  b y  l o w - l e v e l  
r a d i a t i o n  is t h a t  o f  c h i l d r e n  i r r a d i a t e d  i n  u t e r o  b y  d i a g n o s t i c  r a d i o l o g y  
( M o , 75). T h i s  is d u e  to the l a r g e  n u m b e r s  of p e o p l e  i n v o l v e d  a n d  the a c c u r a t e  
r e c o r d i n g  of the d o s e  r e c e i v e d .
T h e  i n c r e a s e d  R B E  of n e u t r o n s  r e l a t i v e  to y - r a y s  c a u s e s  s o m e  c o n t r o v e r s y  
as to the m a g n i t u d e  of a c c e p t a b l e  n e u t r o n  d o s e s ,  P r d t r e  h a s  c r i t i c i s e d  the 
I C R P  f o r  b e i n g  o v e r c o n s e r v a t i v e  i n  t h e i r  r e c o m m e n d a t i o n  o f  the r e l a t i o n s h i p  
b e t w e e n  L E T  a n d  q u a l i t y  f a c t o r  ( P r.72). O n  the o t h e r  h a n d  B a t e m a n  e t  al. 
s h o w e d  t h a t  RBE v a l u e s  g r e a t e r  t h a n  100 w e r e  o b t a i n e d ,  at  n e u t r o n  d o s e s  less 
t h a n  .1 rad, f or i r r a d i a t i o n  of m u r i n e  l e n s e s  b y  4 3 0  lceV n e u t r o n s  ( B a.72).
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P e r h a p s  the m o s t  w o r r y i n g  r e p o r t  w a s  the c o n c l u s i o n  b y  R o s s i  a n d  M a y s  th a t 
there is a s u b s t a n t i a l  r i s k  of l e u k e m i a  i n d u c t i o n  b y  the m a x i m u m  p e r m i s s i b l e  
a n n u a l  d o s e  e q u i v a l e n t  f o r  o c c u p a t i o n a l  e x p o s u r e  (Ro.78). T h e  a u t h o r s  
r e - e x a m i n e d  the d a t a  p e r t a i n i n g  to v i c t i m s  of the A - b o m b s  e x p l o d e d  at 
N a g a s a k i  and H i r o s h i m a  in the l i g h t  of d e p t h  dose c a l c u l a t i o n s  p e r f o r m e d  
b y  J o n e s  ( J o . 77) u s i n g  the k n o w n  k e r m a  v a l u e s .
T he e x p o s u r e s  at N a g a s a k i  w e r e  a l m o s t  e x c l u s i v e l y  f r o m  y  r a d i a t i o n  
w h i l s t  the e x p o s u r e s  at H i r o s h i m a  h a d  a l a r g e  c o n t r i b u t i o n  f r o m  n e u t r o n s .
This e n a b l e d  the a u t h o r s  to c a l c u l a t e  a l e u k e m i a  i n c i d e n c e  r a t e  r e l a t e d  
s p e c i f i c a l l y  to n e u t r o n  e x p o s u r e .  T h e  n e t  i n c i d e n c e  r a t e  of n e u t r o n  
i n d u c e d  l e u k e m i a s  w a s  d e f i n e d  as the d i f f e r e n c e  b e t w e e n  the o b s e r v e d  ra t e  
in a g r o u p  a nd the rate in a m i n i m a l l y  e x p o s e d  g r o u p  in the s a m e  cit y .  A  
p l o t  o f  this n e t  i n c i d e n c e  r a t e  v e r s u s  the n e u t r o n  d o s e  y i e l d e d  a s t r a i g h t  
line p a s s i n g  t h r o u g h  the o r i g i n  of s l o p e  2 8  l e u k e m i a s  p e r  y e a r / 106 p e r s o n  rad. 
If the s l o p e  of this li n e  is a c c u r a t e  it i m p l i e s  that the p r e d i c t e d  life 
s p a n  l e u k e m i a  i n c i d e n c e  in  o c c u p a t i o n a l l y  e x p o s e d  w o r k e r s  r e c e i v i n g  the 
m a x i m u m  p e r m i s s i b l e  d o s e  e q u i v a l e n t  w o u l d  b e  2%. F u r t h e r m o r e ,  the p r e d i c t e d  
life s p a n  i n c i d e n c e  of a l l  d e a t h s  f r o m  s o l i d  c a n c e r s  a n d  l e u k e m i a s  w o u l d  b e  
10%.
The a u t h o r s  a l s o  c o n c l u d e d  t h a t  the RBE f o r  n e u t r o n s ,  w a s  a b o u t  60 
f o r  n e u t r o n  d o s e s  of the o r d e r  of  a r a d  (Ro.78).
F r e m l i n  w a s  a b l e  to p o i n t  o u t  e r r o r s  in the c o n c l u s i o n s  w h i c h  m e a n  th a t  
the f i n d i n g s  n e e d  n o t  b e  t a k e n  to a p p l y  too r i g o r o u s l y .  H e  critizi.sed the 
fa c t  t h a t  the s l o p e  of the n e t  i n c i d e n c e  r a t e  v e r s u s  n e u t r o n  d o s e  c u r v e  w a s  
n e c e s s a r i l y  d e r i v e d  f r o m  d a t a  p e r t a i n i n g  to h i g h  d o s e s  a n d  so its a p p l i c a t i o n  
to s i t u a t i o n s  of  low n e u t r o n  e x p o s u r e  is s o m e w h a t  e q u i v o c a l .  S e c o n d l y ,  he 
d r e w  a t t e n t i o n  to the f a c t  t h a t  e v e r y b o d y  r e c e i v e s  a b a c k g r o u n d  d o s e  of
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Type o f  p a t i e n t A cc e p tab le  dose
Adult  p a t i e n t  who may b e n e f i t  from the d i a g n o s t i c  
p rocedure
About 1 r a d ,  no more than 5 rad s
Pregnant p a t i e n t  who may b e n e f i t  from the d i a g n o s t i c  
p rocedure
No more than I or  2 r ad s
C h i ldre n  who may b e n e f i t  from the d i a g n o s t i c  
procedure About I rad
S u b j e c t s  used  to  e s t a b l i s h  normal v a lu e s  who do n o t  
b e n e f i t  from the procedure
About I r a d  no more than 5 rad s
Table 3 " 5 :  Acceptable  r a d i a t io n  doses f o r  d ia g n o s t ic  procedures. (Adapted from I . C . R . P .  rep o r t  17)
n e u t r o n s  so that the e f f e c t  o f  n e u t r o n  R B E  at v e r y  l ow d o s e s  is n e v e r  
s t r i c t l y  a p p l i c a b l e  (Fr,79).
T h e  a c c e p t a b i l i t y  o f  a n e u t r o n  d o s e  is s e e n  in t e rms o f  the a s s o c i a t e d  
b e n e f i t  to the p a t i e n t  in u n d e r g o i n g  the d i a g n o s t i c  test.
E l l i s  m a i n t a i n e d  t h a t  d o s e s  r e c e i v e d  b y  p a t i e n t s  in i n - v i v o  a c t i v a t i o n  
a n a l y s i s  s h o u l d  c o m p l y  w i t h  the c r i t e r i a  l a i d  d o w n  b y  I C R P  f o r  d o s e s 
r e c e i v e d  b y  p a t i e n t s  in d i a g n o s t i c  r a d i o l o g y  a n d  n u c l e a r  m e d i c i n e  as s h o w n  in 
T a b l e  3.5.
He c o n c l u d e d  th a t  o ne w o u l d  e r r  on the side of s a f e t y  b y  a p p l y i n g  a 
Q F  o f  10 to the n e u t r o n  d o s e  to c a l c u l a t e  the d o s e  e q u i v a l e n t  a n d  k e e p i n g  
w i t h i n  the g u i d e l i n e s  s h o w n  a b o v e  ( E l . 79).
The M o n t e  C a r l o  M e t h o d  in N e u t r o n  T r a n s p o r t  C a l c u l a t i o n s  a n d  N e u t r o n
S p e c t r o m e t r y
R a d i o b i o l o g i c a l  e f f e c t s  are k n o w n  to d e p e n d  u p o n  the q u a l i t y  of the 
r a d i a t i o n  field. T h e r e f o r e ,  an a t t e m p t  w a s  m a d e  to o b t a i n  a k n o w l e d g e  of 
the n e u t r o n  s p e c t r u m  at a d e p t h  in a p h a n t o m  i r r a d i a t e d  b y  a 5 Ci A m - B e  
n e u t r o n  s o u r c e ,  b o t h  b y  e x p e r i m e n t  a nd c a l c u l a t i o n .  T h e  c o m p l e x i t y  of the 
e m i t t e d  n e u t r o n  s p e c t r u m  a n d  the g e o m e t r i c a l  c o n f i g u r a t i o n  o f  m a t e r i a l s  
r e q u i r e d  th a t  t h e o r e t i c a l  p r e d i c t i o n s  s h o u l d  be  o b t a i n e d  t h r o u g h  u s e  of 
the M o n t e  C a r l o  M e t h o d .
4.1 T h e  M o n t e  C a r l o  M e t h o d  in N e u t r o n  T r a n s p o r t  C a l c u l a t i o n s
T h e  c l a s s i c a l  m e t h o d  of s o l u t i o n  o f  the p r o b l e m  of n e u t r o n  t r a n s p o r t  
in a m e d i u m  is b a s e d  on e q u a t i o n s  w h i c h  are s a t i s f i e d  b y  the m a c r o s c o p i c  
c h a r a c t e r i s t i c s  of the m e d i u m .  U n d e r  c e r t a i n  r e s t r i c t i v e  c o n d i t i o n s  it is 
p o s s i b l e  to use s i m p l e  d i f f u s i o n  t h e o r y  i.e. the m e d i u m  do e s  n o t  a b s o r b  
n e u t r o n s  s t r o n g l y ,  the n e u t r o n  d e n s i t y  d o e s  n o t  v a r y  a p p r e c i a b l y  o v e r  a 
d i s t a n c e  e q u a l  to o n e  s c a t t e r i n g  m e a n  fr e e  p a t h  and. n e u t r o n  s c a t t e r i n g  is 
i s o t r o p i c  in the l a b o r a t o r y  system,
M o r e  g e n e r a l l y ,  it is n e c e s s a r y  to m a k e  u s e  of the B o l t z m a n n  i n t e g r o -  
d i f f e r e n t i a l  n e u t r o n  t r a n s p o r t  e q u a t i o n  ( W e , 58, O s , 66).
In m a n y  c o m p l i c a t e d  p r o b l e m s  the M o n t e  C a r l o  M e t h o d  o r  the m e t h o d  
of s t a t i s t i c a l  t r ials h a s  a n u m b e r  of  a d v a n t a g e s  o v e r  the c l a s s i c a l  m e t h o d  
and in s o m e  p r o b l e m s  it is the o n l y  m e t h o d  of s o l u t i o n .
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In any neutron transport calculation it is necessary to consider the
c o l l i s i o n s  of a v e r y  l a r g e  n u m b e r  of p a r t i c l e s .  T h e  p r o b a b i l i t y  laws 
g o v e r n i n g  the e l e m e n t a r y  c o l l i s i o n s  at the m i c r o s c o p i c  l e v e l  h a v e  b e e n  
d i s c o v e r e d  b y  e x p e r i m e n t  a n d  d e t e r m i n e d  t h e o r e t i c a l l y .
In the a p p l i c a t i o n  of the M o n t e  C a r l o  M e t h o d  a s t o c h a s t i c  m o d e l  is 
set up a nd b y  r a n d o m  s a m p l i n g  f r o m  a p p r o p r i a t e  p r o b a b i l i t y  d i s t r i b u t i o n s  
an e s t i m a t e  c an b e  m a d e  of the n u m e r i c a l  v a l u e  of a p a r t i c u l a r  f u n c t i o n a l .
4 . 1 . 1  T he b a s i c  p r i n c i p l e
a n d  m a y  r e f e r  to c a p t u r e ,  e l a s t i c  s c a t t e r i n g  a n d  i n e l a s t i c  
s c a t t e r i n g  w h e n  a n e u t r o n  c o l l i d e s  w i t h  „an atom. The p r o b a b i l i t i e s
a) D i r e c t  o r  I n v e r s i o n  T e c h n i q u e
If E p   E are n i n d e p e n d e n t ,  m u t u a l l y  e x c l u s i v e  e v e n t s
w i t h  p r o b a b i l i t i e s  p ^ ........ p ^  r e s p e c t i v e l y ,  w i t h  p ^  + ..... + P n  =
Then, if a r a n d o m  n u m b e r  e, 0 < e < 1, is s u c h  t h a t  p ^  + ...... + ^ i - l
<   p ^  then e d e t e r m i n e s  the e v e n t  E^. F o r  e x a m p l e ,  E^,
are d e f i n e d  b y  p x = crc / a t , p 2 = cfg/cfy a n d  p 3 = ci * / a  t '
If w e  d e f i n e  a p r o b a b i l i t y  d e n s i t y  f u n c t i o n  p(x) = p ( i ) ,  w h e r e
i - 1 < x < i f or i = 1 , 2 n  a n d  f u r t h e r  d e f i n e  a p r o b a b i l i t y
d i s t r i b u t i o n  f u n c t i o n
x
(0 < x  < n) (4.1)
0
T h e n  the e q u a t i o n ,
x
e = P(x) (4.2)
0
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d e t e r m i n e s  x u n i q u e l y  as a f u n c t i o n  of e in s u c h  a w a y  that, if 
0 < £ < 1 and if e is d i s t r i b u t e d  u n i f o r m l y  on the u n i t  i n t e r v a l ,  
then x fal l s  on the i n t e r v a l  i - 1 < x < i w i t h  f r e q u e n c y  p^, 
t h e r e b y  d e t e r m i n i n g  the e v e n t  E ^  ( C a . 7 5 ) .
T h e  s a m e  r e a s o n i n g  c an b e  a p p l i e d  for a c o n t i n u o u s  d e n s i t y  
f u n c t i o n .
It m a y  n o t  a l w a y s  b e  p o s s i b l e  to a p p l y  the i n v e r s i o n  m e t h o d  and 
t h e r e f o r e  m a n y  a l t e r n a t i v e  s a m p l i n g  t e c h n i q u e s  h a v e  b e e n  i m p l e m e n t e d .  
One a l t e r n a t i v e  s a m p l i n g  t e c h n i q u e  w h i c h  h a s  b e c o m e  w e l l  e s t a b l i s h e d  
is the s o - c a l l e d  r e j e c t i o n  s a m p l i n g  t e c h n i q u e .
b) The R e j e c t i o n  T e c h n i q u e
A  d e n s i t y  f u n c t i o n  p ( x ) ,  a < x < b is t r a n s f o r m e d  to a n o t h e r  
*
d e n s i t y  f u n c t i o n  p (x) b y  d i v i d i n g  p(x) by  the l e a s t  u p p e r  b o u n d  for
p(x) in the i n t e r v a l  a < x  < b.
T h e n  a p a i r  of r a n d o m  n u m b e r s  ( e ,6) a r e  g e n e r a t e d  and one sets 
x T = a + e(b - a ) .  I f  p (x*) > 0, the v a l u e  of x f is a c c e p t e d  as the
s a m p l e  v a l u e  of x, o t h e r w i s e  x ’ is r e j e c t e d  a n d  the p r o c e d u r e  is
r e p e a t e d .  T h i s  p r o c e s s  is e q u i v a l e n t  to s a m p l i n g  f r o m  p(x) s i n c e  
in m a n y  tr i a l s  the f r a c t i o n  of p o i n t s  x' r e t a i n e d  b e t w e e n  x  a n d  
x  + d x  is g i v e n  by,
= j M f o . - p(x)dx (4.3)
p*(x)dx p (x) dx
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4. 1 . 2  R a n d o m  n u m b e r  g e n e r a t i o n
It can b e  s e e n  f r o m  the p r e c e d i n g  d i s c u s s i o n  t h a t  M o n t e  C a r l o  
c a l c u l a t i o n s  r e q u i r e  l a r g e  s u p p l i e s  o f  r a n d o m  n u m b e r s  (i.e. p a r t i c u l a r  
v a l u e s  of a c o n t i n u o u s  r a n d o m  v a r i a b l e  u n i f o r m l y  d i s t r i b u t e d  on the u n i t  
i n t e r v a l ) . R a n d o m  n u m b e r s  are o b t a i n e d  b y  c a l c u l a t i o n  u s i n g  a m a t h e m a t i c a l  
a l g o r i t h m  and t h e r e f o r e  are u s u a l l y  r e f e r r e d  to as p s e u d o - r a n d o m  n u m b e r s .
It is p o s s i b l e  to g e n e r a t e  p s e u d o - r a n d o m  n u m b e r s  w i t h  s u f f i c i e n t l y  l a rge 
p e r i o d  ( n o n - r e p e a t i n g  s e q u e n c e )  for M o n t e  C a r l o  c a l c u l a t i o n s .  The " q u a l i t y "  
of s u c h  a s e q u e n c e  is d e t e r m i n e d  b y  r a n d o m n e s s  tests e.g. the f r e q u e n c y ,  
s e r i a l ,  p o k e r  and g ap tests.
The m u l t i p l i c a t i v e  c o n g r u e n t i a l  m e t h o d  of g e n e r a t i n g  p s e u d o - r a n d o m  
n u m b e r s  has f o u n d  a w i d e  a p p l i c a t i o n .  T h i s  t e c h n i q u e  is e c o n o m i c a l  in terms 
o f  c o m p u t e r  time a n d  c o m p u t e r  s t o r a g e  s i n c e  e a c h  n u m b e r  p r o d u c e d  m e r e l y  
r e q u i r e s  the s t o r i n g  of  two n u m b e r s  a n d  the s u b s e q u e n t  m u l t i p l i c a t i o n  of 
t h e s e  n u m b e r s ,  w i t h  the p r o d u c t  b e i n g  s t o r e d  (Ra.76).
4 . 1 . 3  V a r i a n c e  r e d u c t i o n
It is o b v i o u s l y  d e s i r a b l e  to m i n i m i s e  the v a r i a n c e  of a n  e s t i m a t e  of 
a g i v e n  q u a n t i t y  o b t a i n e d  b y  a M o n t e  C a r l o  c a l c u l a t i o n .  T h e r e  are m a n y  
v a r i a n c e  r e d u c t i o n  t e c h n i q u e s  b u t  the t h r e e  m e t h o d s  w h i c h  f i n d  the w i d e s t  
a p p l i c a t i o n  are:
a) I m p o r t a n c e  s a m p l i n g
C o n s i d e r  the e v a l u a t i o n  o f  the m e a n  v a l u e  of a f u n c t i o n  f(x) w h e n  x 
is s a m p l e d  f r o m  the d e n s i t y  f u n c t i o n  p ( x ) ,  (Ca.75)
b
E(f) = f(x)p(x)dx (4.4)
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If x  is c h o s e n  f r o m  a d i f f e r e n t  d e n s i t y  f u n c t i o n  p(x) a n d  if f o r
p(xi )
e a c h  p o i n t  x. so c h o s e n  w e  a s s i g n  a w e i g h t  w ( x.) = ---- —  a n d  c o m p u t e
1 p<xP
f(x) = f ( x ) w ( x ) ,  then the m e a n  of f(x) is g i v e n  by:
E (f ) = f ( x ) p ( x ) d x  = f ( x ) p ( x ) d x  = E(f) (4.5)
Th u s  the m e a n  of f(x) is i d e n t i c a l  to t h a t  of f(x). H o w e v e r ,  this 
is n o t  true in g e n e r a l  f o r  the v a r i a n c e s  of the two f u n c t i o n s .
T he v a r i a n c e s  of the two f u n c t i o n s  are g i v e n  by: 
v a r [ f ( x ) ]  = E ( f 2 ) - E 2 (f) (4.6)
v a r [ f ( x ) ] = E ( f 2 ) - E 2 (f) = E ( f 2) - E 2 (f) 
b
N o w  E ( f 2 ) = f 2 ( x ) p ( x ) d x  
a n d  E ( f 2 ) = J f2 ( x ) p ( x ) d x  =
b
P(x)
a p(x)
f 2( x ) p ( x ) d x
(4.7)
(4.8)
(4.9)
T h e r e f o r e  it c a n  b e  s e e n  f r o m  e q u a t i o n s  (4.6) to (4.9) th a t  if p(x) is
< 1 o v e r  a p o r t i o n  of  the i n t e g r a l  t h a t  c o n t r i b u t e sc h o s e n  s u c h  that
p(x)
e x t e n s i v e l y  to E ( f 2 ) t h e n  the v a r i a n c e  w i l l  be r e d u c e d .
b) A n t i t h e t i c  v a r i a t e s  m e t h o d
In the m e t h o d  o f  a n t i t h e t i c  v a r i a t e s ,  g i v e n  the e s t i m a t o r  t w i t h  
e x p e c t a t i o n  E, a s e c o n d  e s t i m a t o r  t* is s o u g h t  h a v i n g  the same e x p e c t a t i o n  
as t b u t  p o s s e s s i n g  a s t r o n g  n e g a t i v e  c o r r e l a t i o n  w i t h  t ( H a . 64).
T h e n  (t + t )/2 w i l l  be  an u n b i a s e d  e s t i m a t o r  of E w i t h  v a r i a n c e :
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v a r
*
(t+t )
k  k .
If c o v ( t , t  ) < 0 ,  then it m a y  b e  true that
v a r
,  k (t+t ) < v a r  t (4. 1 1 )
c) S p l i t t i n g  a n d  R u s s i a n  R o u l e t t e
In c o m p l e x  g e o m e t r i e s  e a c h  c e l l  can be a s s i g n e d  an i m p o r t a n c e  I,
W h e n  a p a r t i c l e  e n t e r s  cell n  + 1 f r o m  cell n. the r a t i o  1 , - / 1  is
' n +1 n
e x a m i n e d .  If I ./I > 1  t h e n  the p a r t i c l e  is s p l i t  i n t o  y = I ./In +1 n ~ r  n +1 n
i d e n t i c a l  p a r t i c l e s ,  e a c h  o f  w e i g h t  W y ” 1 , w h e r e  W  is the i n c o m i n g  w e i g h t .  
If y = in + ^/in  < 1> then R u s s i a n  r o u l e t t e  is p l a y e d ,  a n d  the p a r t i c l e  
s u r v i v e s  w i t h  p r o b a b i l i t y  y a n d  w e i g h t  Wy""1 . T h i s  m e t h o d  can b e  e x t e n d e d  
a n d  i m p o r t a n c e s  a s s i g n e d  to o t h e r  v a r i a b l e s  in the p r o b l e m  e.g. e n e r g y .
4 . 1 . 4  A c c u r a c y
T h e  a c c u r a c y  o f  a q u a n t i t y  e s t i m a t e d  b y  the M o n t e  C a r l o  m e t h o d  can b e  
d e t e r m i n e d  b y  a p p l i c a t i o n  of the c e n t r a l  l i m i t  t h eorem.
T h i s  s t a t e s  that g i v e n  n  i n d e p e n d e n t  i d e n t i c a l l y  d i s t r i b u t e d  r a n d o m
v a r i a b l e s  x ^ , x^ ...... x ^  w i t h  c o m m o n  p o p u l a t i o n  m e a n  m  a n d  p o p u l a t i o n
n
v a r i a n c e  a 2 , then t he p r o b a b i l i t y  o f  the s a m p l e  m e a n  X  1 /n J x.) b e i n g
i=l
w i t h i n  a d e f i n e d  c o n f i d e n c e  i n t e r v a l  o f  the true p o p u l a t i o n  m e a n  is g i v e n  by:
X  - m  b
l i m  a < — - — j- < b = -— ti— y  
n  •+ 00 x a / ( n ) 2 (2tt) 2
- t 2/2e dt (4 .12)
T h e  true v a r i a n c e  is u n k n o w n  so the b e s t  a p p r o x i m a t i o n  is o b t a i n e d  
by  u s i n g  the s a m p l e  v a r i a n c e ,
in m e d i c a l  p h y s i c s
M o n t e  C a r l o  c a l c u l a t i o n s  p r o v i d e  an a c c u r a t e  m e t h o d  of d e t e r m i n i n g  
the Y - r a y  e n e r g y  d e p o s i t i o n  f r o m  i n t e r n a l  e m i t t e r s .  E l l e t t  e t  al, ( E l .68) 
c o n c l u d e d  that a b s o r b e d  f r a c t i o n  d a t a  (the f r a c t i o n  of the e m i t t e d  e n e r g y  
a b s o r b e d  in a r e g i o n  o f  i n t e r e s t )  c o u l d  b e  o b t a i n e d  w i t h  an u n c e r t a i n t y  of 
less than 3% f o r  i n i t i a l  e n e r g i e s  a b o v e  1 0 0  lceV u s i n g  the M o n t e  C a r l o  m e t h o d .
F r i g e r i o  et al. c a l c u l a t e d  n e u t r o n ,  p h o t o n  and L E T  s p e c t r a  a n d  n e u t r o n
and g a m m a  r ay d o s e s  in a h e t e r o g e n e o u s  p h a n t o m  w i t h  e l e m e n t a l  c o m p o s i t i o n  
c l o s e l y  m a t c h e d  to I C R P  s p e c i f i c a t i o n s  (Fr.73a, F r . 7 3 b ) .  I t  w a s  d i s c o v e r e d  
that d o s e  d i s t r i b u t i o n s  c a l c u l a t e d  u s i n g  s i m p l e  h o m o g e n e o u s  s o l i d s  s u c h  as 
c y l i n d e r s  a n d  e l l i p s o i d s  w e r e  m a r k e d l y  d i f f e r e n t  f r o m  t h o s e  c a l c u l a t e d  
u s i n g  m o r e  r e a l i s t i c  m o d e l s  o f  i n c r e a s e d  g e o m e t r i c  a n d  c o m p o s i t i o n a l  
c o m p l e x i t y  a n d  the M o n t e  C a r l o  m e t h o d .
I n g  ( I n . 75) u s e d  t he t e c h n i q u e  to s t u d y  the e f f e c t  of s p e c t r a l  
d i s t o r t i o n s  on the d o s e  r e s p o n s e  o f  s e v e r a l  a c t i v a t i o n  a n d  d a m a g e  t r a c k  
d e t e c t o r s  o f  the d o s e m e t e r s  s t u d i e d ,  N p  h a d  a d o s e  r e s p o n s e  m o s t  n e a r l y  
i n d e p e n d e n t  (± 10%) of the s p e c t r a l  c h a n g e s .
R a e s i d e  (Ra.76) h a s  l i s t e d  the m a n y  and v a r i e d  u s e s  of the M o n t e  C a r l o
m e t h o d  in n u c l e a r  m e d i c i n e ,  r a d i o t h e r a p y  a n d  the r a d i o l o g i c a l  s c i e n c e s .
T h e  t e c h n i q u e  is a p o w e r f u l  a d j u n c t  to e x p e r i m e n t  a n d  p r o v i d e s  g u i d e s  
f o r  g o o d  e x p e r i m e n t a l  d e s i g n  as w e l l  as p e r m i t t i n g  e x t r a p o l a t i o n  of 
e x p e r i m e n t a l  r e s u l t s  i n t o  r e g i o n s  w h i c h  a r e  d i f f i c u l t  to e x a m i n e  e x p e r i m e n t a l l y .
4.1.5 Applications of the Monte Carlo method to radiation transport problems
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I n  the f i e l d  of i n - v i v o  n e u t r o n  a c t i v a t i o n  a n a l y s i s ,  Z a m e n h o f  (Za.78) 
u s e d  the M o n t e  C a r l o  m e t h o d  to d e t e r m i n e  the o p t i m u m  t i m i n g  p a r a m e t e r s  in 
a p u l s e d  i r r a d i a t i o n  f a c i l i t y  w i t h  " g a t e d "  d e t e c t o r s  w h i c h  w o u l d  m a x i m i s e  
the p r o m p t  g a m m a  s i g n a l  and m i n i m i s e  the d y n a m i c  g a m m a  b a c k g r o u n d  due to 
n e u t r o n  i n e l a s t i c  s c a t t e r i n g .
4 . 1 . 6  M C N A  - A  M o n t e  C a r l o  A d j o i n t  N e u t r o n  T r a n s p o r t  C o d e  w i t h  C o u p l e d
s a m p l i n g
T h e  M o n t e  C a r l o  n e u t r o n  t r a n s p o r t  c o d e  M C N A  (Ca.71) w a s  o b t a i n e d  
f r o m  the r a d i a t i o n  s h i e l d i n g  i n f o r m a t i o n  c e n t r e  (ORNL) and m o d i f i e d  to r u n  
on the C D C  7600 at the U n i v e r s i t y  of L o n d o n  c o m p u t e r  c entre.
T h e  c o m p u t e r  p r o g r a m  M C N A  w a s  w r i t t e n  to u t i l i s e  the c o u p l e d  s a m p l i n g  
t e c h n i q u e .  In this t e c h n i q u e ,  the n e u t r o n  t r a n s p o r t  e q u a t i o n  is s a m p l e d  to 
c o n s t r u c t  a s c h e m e  f o r  a n e a r  o p t i m a l  s u b s e q u e n t  s a m p l i n g  f r o m  the a d j o i n t  n e u t r o n  
t r a n s p o r t  e q u a t i o n  (Ca.70). T h i s  p r o c e d u r e  m a y  b e  e x p e c t e d  to b e  a d v a n t a g e o u s  
w h e n  the p h a s e - s p a c e  v o l u m e  c o n t r i b u t i n g  to the f u n c t i o n a l  is s m a l l e r  t h a n  the 
p h a s e - s p a c e  v o l u m e  of the n e u t r o n  s o u rce.
M C N A  uses the s a m e  n e u t r o n  i n t e r a c t i o n  m o d e l s  as the L o s  A l a m o s  code 
M C N  w h i c h  s o l v e s  the n e u t r o n  t r a n s p o r t  e q u a t i o n  w i t h  the M o n t e  C a r l o  m e t h o d  
( C a .72). F o u r  g e n e r a l  types of e v e n t s  are u t i l i s e d .  T h e s e  are e l a s t i c  
s c a t t e r i n g  w i t h  an i s o t o p e ,  i n e l a s t i c  s c a t t e r i n g  w i t h  a c o n t i n u u m  d e n s i t y  
f u n c t i o n  to d e s c r i b e  the e n e r g y  t r a n s f e r ,  i n e l a s t i c  s c a t t e r i n g  w i t h  a 
d i s c r e t e  m o d e l  to d e s c r i b e  the e n e r g y  t r a n s f e r  a nd f i s s i o n .  B o t h  c o d e s  are 
c a p a b l e  of d e a l i n g  w i t h  a g e n e r a l  t h r e e - d i m e n s i o n a l  g e o m e t r i c  c o n f i g u r a t i o n  
o f  m a t e r i a l s .
U s i n g  M C N A  u n r e a l i s t i c  v a l u e s  w e r e  o b t a i n e d  f o r  the c a l c u l a t e d  n e u t r o n  
s p e c t r a  at d e p t h  in a p h a n t o m  i r r a d i a t e d  b y  a 5 Ci A m - B e  n e u t r o n  s o u r c e
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u s i n g  p u b l i s h e d  d a t a  on  the e m i t t e d  n e u t r o n  s p e c t r u m  f r o m  s u c h  a s o u r c e  as 
i n p u t  to the code.
This w a s  t h o u g h t  to b e  d u e  to the r e l a t i v e l y  c r u d e  g e o m e t r i c a l  
c o n f i g u r a t i o n s  u s e d  a n d  the f a c t  t h a t  b i a s i n g  s u b r o u t i n e s  w e r e  n o t  i m p l e m e n t e d .  
M C N A  a l l o w s  as i n p u t  s o p h i s t i c a t e d  g e o m e t r i c a l  m o d e l s  a n d  b i a s i n g  t e c h n i q u e s  
b u t  lack of time p r e v e n t e d  the i m p l e m e n t a t i o n  of a s u f f i c i e n t l y  r e a l i s t i c  
m o d e  1 .
4.2 N e u t r o n  S p e c t r o m e t r y
T h e  d e t e r m i n a t i o n  of n e u t r o n  s p e c t r a  is an e s s e n t i a l  p a r t  of a n y  
p r o g r a m m e  of  i n - v i v o  n e u t r o n  i r r a d i a t i o n  f or b o t h  d i a g n o s t i c  a n d  t h e r a p e u t i c  
p u r p o s e s ,  A  k n o w l e d g e  of the n e u t r o n  s p e c t r u m  at a ny p o i n t  in the r a d i a t i o n  
f i e l d  is a v i t a l  p r e r e q u i s i t e  to c a l c u l a t i o n s  of the r a d i o b i o l o g i c a l  e f f e c t  
s i n c e  i m p o r t a n t  b i o l o g i c a l  p a r a m e t e r s  i.e. OER, L E T  and R B E  are k n o w n  to 
d e p e n d  u p o n  the r a d i a t i o n  q u a l i t y .  F u r t h e r ,  it m u s t  b e  d e m o n s t r a t e d  th a t  
d o s e m e t e r s  in r o u t i n e  u s e  are e s s e n t i a l l y  i n d e p e n d e n t  of c h a n g e s  in n e u t r o n  
s p e c t r a  w i t h  d e p t h  in the b o d y .
V a r i o u s  t e c h n i q u e s  a r e  a v a i l a b l e  f o r  the d e t e r m i n a t i o n  of  f a s t  n e u t r o n  
s p e c t r a  s u c h  as p r o t o n  r e c o i l  s p e c t r o m e t r y  (Ha. 73), n u c l e a r  emuilsion t e c h n i q u e s  
and a c t i v a t i o n  d e t e c t o r s .
4 . 2 . 1  A c t i v a t i o n  m e t h o d s  f o r  the d e t e r m i n a t i o n  o f  f a s t  n e u t r o n  s p e c t r a
T h e  m e t h o d  i n v o k e s  i r r a d i a t i o n  of a s e t  o f  d i f f e r e n t  f o i l  d e t e c t o r s ,  
m e a s u r e m e n t  of r e s u l t a n t  a c t i v i t i e s  a n d  then the f o r m a t i o n  of a s e t  of 
s i m u l t a n e o u s  e q u a t i o n s  e x p r e s s i n g  the a c t i v i t i e s  of the d e t e c t o r s  u s e d  as 
f u n c t i o n s  o f  d i f f e r e n t i a l  f l ux. A  d i f f e r e n t i a l  f l u x  s p e c t r u m  is then o b t a i n e d
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f or w h i c h  the c a l c u l a t e d  a c t i v i t i e s  a g r e e  ( w i t h i n  a c c e p t a b l e  l i m i t s  of  
error) w i t h  the m e a s u r e d  a c t i v i t i e s .
T h e  c h o i c e  of a t h r e s h o l d  d e t e c t o r  is d e t e r m i n e d  b y  r e q u i r e m e n t s  
c o n c e r n i n g  the m a t e r i a l ,  the t h r e s h o l d  r e a c t i o n  a n d  the p r o d u c t  n u c l i d e .
T h e  m a i n  r e q u i r e m e n t s  are:
a) T h e  m a t e r i a l  s h o u l d  b e  a v a i l a b l e  w i t h  as h i g h  a p u r i t y  as p o s s i b l e  
in o r d e r  to m i n i m i s e  p e r t u r b i n g  r e a c t i o n s  w i t h  i m p u r i t i e s ,
b) T he r e a c t i o n  s h o u l d  h a v e  a c o n v e n i e n t  t h r e s h o l d  a n d  a c o n v e n i e n t  
m a g n i t u d e  of the c r o s s - s e c t i o n .
c) T h e  v a r i a t i o n  o f  the d i f f e r e n t i a l  c r o s s - s e c t i o n  w i t h  e n e r g y  f o r  the 
r e a c t i o n  s h o u l d  b e  w e l l  k n o w n .
d) T h e  p r o d u c t  n u c l i d e  s h o u l d  h a v e  a w e l l  k n o w n  a n d  s i m p l e  d i s i n t e g r a t i o n  
s c h e m e  a n d  a s u i t a b l y  s h o r t  h a l f - l i f e .
e) T h e  a c t i v i t y  of the p r o d u c t  n u c l i d e  m u s t  b e  e s t i m a t e d  b y  d e t e c t i o n  of 
g a m m a  rays so th a t  c o r r e c t i o n s  f o r  a b s o r p t i o n  a n d  s e l f - a b s o r p t i o n  of 
3 p a r t i c l e s  are n o t  r e q u i r e d .
4 . 2 . 1 . 1  T h r e s h o l d  d e t e c t o r  m e a s u r e m e n t s  in m e d i c a l  p h y s i c s
B o n n e t t  a n d  P a r n e l l  ( B o . 76) e m p l o y e d  a c t i v a t i o n  d e t e c t o r s  a n d  p u l s e  
f i s s i o n  c h a m b e r s  to e x a m i n e  the v a r i a t i o n  o f  n e u t r o n  s p e c t r a  w i t h  de p t h ,  
at n e u t r o n  e n e r g i e s  d o w n  to a b o u t  0 . 5  M e V ,  i n  a p h a n t o m  i r r a d i a t e d  b y  the 
n e u t r o n  b e a m  p r o d u c e d  b y  the M R C  c y c l o t r o n  at the H a m m e r s m i t h  H o s p i t a l .
T h e  k e r m a  r a t i o  ( S h o n k a  A - 1 5 0  p l a s t i c / w e t  tissue) r e m a i n e d  c o n s t a n t  as a 
f u n c t i o n  of d e p t h  i n d i c a t i n g  t h a t  n o  c o r r e c t i o n  is r e q u i r e d  f o r  this d u r i n g  
the d e t e r m i n a t i o n  of c e n t r a l  a x i s  d e p t h  d o s e  c u r v e s  w i t h  t i s s u e  e q u i v a l e n t  
i o n i z a t i o n  c h a m b e r s .
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M a g i e r a  a n d  S c h m i d t  (Ma,76) m a d e  s i m i l a r  m e a s u r e m e n t s  w i t h  
a c t i v a t i o n  d e t e c t o r s  a t  the (D-T) n e u t r o n  t h e r a p y  f a c i l i t y  at H a m b u r g -  
E p p e n d o r f .
In an  a t t e m p t  to g a i n  i n f o r m a t i o n  c o n c e r n i n g  the e f f e c t  of s p e c t r a l  
s h a p e  u p o n  the r a d i o b i o l o g i c a l  e f f e c t s  in the l o w  d o s e  ( p e n u m b r a )  r e g i o n s  
p r o d u c e d  b y  a D T  g e n e r a t o r  u s e d  f o r  r a d i o t h e r a p y ,  L a w s o n  et a l . ( L a . 72) 
s i m u l a t e d  s u c h  a low d o s e  r e g i o n  b y  p l a c i n g  a c y l i n d r i c a l  b l o c k  of 
d e p l e t e d  u r a n i u m  d i r e c t l y  o n  top o f  the t a r g e t  c o o l i n g  p l a t e  a nd then 
d e d u c e d  the t r a n s m i t t e d  s p e c t r u m  f r o m  m e a s u r e m e n t s  w i t h  t h r e s h o l d  d e t e c t o r s .
4 . 2 . 1 . 2  S P E C T R A :  A  c o m p u t e r  c o d e  f o r  d e t e r m i n i n g  n e u t r o n  f l u x  s p e c t r a  b y  
m u l t i p l e  f o i l  m e a s u r e m e n t s
T h e r e  a r e  m a n y  m a t h e m a t i c a l  m e t h o d s  f o r  c a l c u l a t i n g  the s p e c t r a l  
s h a p e  f r o m  the i n d u c e d  a c t i v i t i e s  b u t  t h e y  h a v e  e v o l v e d  w i t h  the d e v e l o p m e n t  
of r e a c t o r  p h y s i c s  a nd a p p l y  to f i s s i o n  s p e c t r a  (Zi.65).
T h e r e  are c u r r e n t l y  t h r e e  w e l l  t r i e d  c o d e s  in u s e  f o r  d e t e r m i n i n g  
n e u t r o n  f l u x  s p e c t r a  f r o m  r a d i o a c t i v a t i o n  m e a s u r e m e n t s ,  S A N D - 1 1  ( M e . 67,
M e . 69), S P E C T R A  (Gr.67) a n d  R D M M  (Di.65).
T h e  c o m p u t e r  c o d e  S P E C T R A  h a s  b e e n  m o d i f i e d  to run on a C D C  7600 m a c h i n e  
at the U n i v e r s i t y  of L o n d o n  C o m p u t e r  C e n t r e  w i t h  o n - l i n e  a c c e s s  to n e u t r o n  
c r o s s - s e c t i o n  d a t a  f r o m  E N D F / B - I V  f i l e s  ( B e .68) a n d  s u c c e s s f u l l y  u s e d  to 
m e a s u r e  n e u t r o n  s p e c t r a  in a s t o p p i n g  p i o n  f i e l d  (Br.77).
T h e r e f o r e ,  it w a s  d e c i d e d  to u s e  the co d e  to d e t e r m i n e  the n e u t r o n  
s p e c t r a  at a d e p t h  i n  a w a t e r  p h a n t o m  i r r a d i a t e d  b y  a 5 C i  2LflA m - B e  n e u t r o n  
s o u r c e  f r o m  the a c t i v i t i e s  i n d u c e d  i n  a s e t  o f  t h r e s h o l d  d e t e c t o r s .
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E m a x
A. = K. | a.(E)(j)(E)dE (4.14)
E .m m
w h e r e  a.(E) is t he c r o s s - s e c t i o n  f o r  d e t e c t o r  i 1
(j)(E) is the n e u t r o n  f l u x
and K. is a c o n s t a n t  r e l a t e d  to the time of i r r a d i a t i o n ,  t a r g e t  m a s s  i
a n d  the h a l f - l i f e  of  the p r o d u c t  n u c l i d e .
The p r o b l e m  is to d e t e r m i n e  <f>(E) f r o m  a k n o w l e d g e  o f  a s e t  of  v a l u e s  
A^. F o r  a f i n i t e  n u m b e r ,  I, of d e t e c t o r s  t h e r e  is n o  u n i q u e  s o l u t i o n  of 
e q u a t i o n  (4.14) b u t  a r e a s o n a b l e  s o l u t i o n  c an be found.
If I w a s  g r e a t e r  o r  e q u a l  to the n u m b e r  o f  f l u x  p o i n t s  c o n s i d e r e d  (N) 
it w o u l d  b e  s u f f i c i e n t  to m i n i m i s e  the q u a n t i t y :
The induced response A of any detector is given by:
w h e r e
N
M. - J a . d). (4.16)[. = .<f>
1 • 1 J JJ = 1  J
H o w e v e r , s i n c e  the s y s t e m  o f  e q u a t i o n s  is u n d e r d e t e r m i n e d  in p r a c t i c e  
i.e. I < N , t h e  m e t h o d  a d o p t e d  in S P E C T R A  is to i n p u t  an  i n i t i a l  e s t i m a t e  of 
the s p e c t r u m ,  a n d to m i n i m i s e  the e x p r e s s i o n
1 N 
= T W. (A. - M . ) 2 + J - c|>.) (4.17)
i = l  1 1 1 j = i  J J °  J
w h e r e  VL a m d  Wj a r e  w e i g h t i n g  f a c t o r s
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R e a c t i o n
E f f e c t i v e  T h r e s h o l c  
cr r e s o n a n c e
P r o d u c t  h a l f  
life
T h i c k n e s s
m m
12 7,-/ v \ 1 28t l(n,Y) I 35 e V 2 4 .99 m i n 2
59C o ( n , y ) 6 0 Co a 132 e V 5.25 y 4 x 1 0 " 3
2 3N a ( n ,y) 2tfNa a 2 .95 k e V 1 5 . 0 2  h 2
27A 1 ( n , y ) 28A1 6 8 . 3 5  k e V 2 . 2 5 9  m i n 2
115 t / j\ 11 5nw 
1 1^ I n ( n , n  ) In A 1.4 M e V 4.5 h 2
58N i ( n , p ) 8 8Co A 1.4 M e V 7 1 . 3  d 1x 10"3
27A1. ( n  , p )  27Mg A 2.7 M e V 9 . 4 6 2  m i n 2
6# Z n ( n ?p ) 6 l+Cu A 2.8 M e V "l2.8 h 0.5
59C o ( n ,p) 5 9 Fe 4 M e V 45.1 d 4 x 1 0 " 3
5 9 C o ( n ?a ) 5 6 M n 5 . 3  M e V 2 . 5 8 2  h 4 x 1 0 " 3
27A l ( n , a ) 2t*Na A 5 . 9  M e V 15. 0 2  h 2
T a b l e  4 .1 P r o p e r t i e s  o f  the a c t i v a t i o n  d e t e c t o r s  u s e d  to d e d u c e  the 
n e u t r o n  s p e c t r u m .
T h e  s o l u t i o n  <j>j is t h e n  r e - i n p u t  ted as <f>jQ a n d  the e x p r e s s i o n  a g a i n  
m i n i m i s e d .  Th i s  is r e p e a t e d  u n t i l  the rate o f  d e c r e a s e  of  the e x p r e s s i o n  in 
e q u a t i o n  (4.17) b e c o m e s  so s m a l l  th a t  the s o l u t i o n  c a n  b e  c o n s i d e r e d  to h a v e  
c o n v e r g e d .
T h e  h i g h  p u r i t y  m a t e r i a l s  w h i c h  w e r e  u s e d  are s h o w n  in table 4.1 a nd 
w i t h  the e x c e p t i o n  of N a  a n d  I w e r e  in the forrp o f  foils.
P r e l i m i n a r y  c a l c u l a t i o n s  s h o w e d  t h a t  the t h i c k n e s s e s  of the f o ils
s h o w n  in t a ble 4.1 w o u l d  b e  s u f f i c i e n t  to r e s u l t  in a m e a s u r a b l e  i n d u c e d  
& * «
a c t i v i t y  w i t h  n e g l i g i b l e  s e l f  - s h i e l d i n g  f o r  n e u t r o n s  w i t h  e n e r g i e s  a b o v e
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the t h r e s h o l d  e n e r g y  f o r  a p a r t i c u l a r  e l e m e n t .
T h e  d i m e n s i o n s  o f  the f o ils w e r e  2.6 c m  x 1.8 c m  a n d  the N a  a n d  I 
w e r e  o b t a i n e d  as "pills'* 2 c m  i n  d i a m e t e r  b y  c o m p r e s s i n g  N a C l  a n d  K I  
p o w d e r  i n  a s p e c i a l l y  c o n s t r u c t e d  p r e s s .  E a c h  f o i l  or p i l l  w a s  s h i e l d e d  
on  b o t h  s i des b y  s h e e t s  o f  c a d m i u m  5 . 3  x 10 2 cm t h i c k  to p r e v e n t  a c t i v i t y
i n d u c e d  by  t h e r m a l  n e u t r o n  r e a c t i o n s .
T h e  f o i l s  w e r e  s e p a r a t e l y  a c t i v a t e d  at a d e p t h  of 5 c m  a l o n g  the
c e n t r a l  axis o f  a w a t e r  p h a n t o m  a n d  the i n d u c e d  a c t i v i t y  w a s  m e a s u r e d  in a
c o u n t i n g  l a b o r a t o r y  w i t h  a l o w  n a t u r a l  b a c k g r o u n d  u s i n g  a G e ( L i )  d e t e c t o r .
T h e  i r r a d i a t i o n  a nd c o u n t i n g  t i mes w e r e  m a t c h e d  to the h a l f - l i f e  of the 
p a r t i c u l a r  e l e m e n t  in e a c h  case. T h e  g e o m e t r i c a l  c o n f i g u r a t i o n  o f  the 
n e u t r o n  s o u r c e  a n d  the p h a n t o m  is o u t l i n e d  in c h a p t e r  5.
G o o d  c o u n t i n g  s t a t i s t i c s  w e r e  o b t a i n e d  for a l l  the r e a c t i o n s  s h o w n  
in t a b l e  4 . 1  b u t  u n f o r t u n a t e l y  a c c u r a t e  c r o s s - s e c t i o n  d a t a  in a f o r m  
s u i t a b l e  f o r  i n p u t  to S P E C T R A  c o u l d  o n l y  b e  o b t a i n e d  f o r  t h o s e  r e a c t i o n s  m a r k e d  
w i t h  an a s t e r i s k  so o n l y  d a t a  r e l a t i n g  to t h e s e  r e a c t i o n s  c o u l d  b e  used.
T h e  i n i t i a l  e s t i m a t e  of the s p e c t r u m  w h i c h  w a s  u s e d  as i n p u t  f o r
S P E C T R A  w a s  o b t a i n e d  f r o m  the d a t a  f o r  a 5 Ci 2l+1A m - B e  s o u r c e  m a n u f a c t u r e d  
at A m e r s h a m  in  an i d e n t i c a l  m a n n e r  to t h a t  e m p l o y e d  f or the p r e s e n t  s o u r c e  
( L o . 7 9 ) .
T h e  n e u t r o n  s p e c t r u m  as c a l c u l a t e d  b y  S P E C T R A  is s h o w n  in f i g u r e  4.1.
T he l e a s t  s q u a r e d  a c t i v i t y  e r r o r  i.e. the s u m  o f  the s q u a r e s  of the
d i f f e r e n c e s  b e t w e e n  the a c t i v i t i e s  o f  t he m o n i t o r  s e t  c a l c u l a t e d  f r o m  the 
f i n a l  s o l u t i o n  of the d i f f e r e n t i a l  f l u x  and the e x p e r i m e n t a l  a c t i v i t i e s  w a s  
< 1 0 " 6 . T h e  a c c u r a c y  o f  the d i f f e r e n t i a l  f a s t  f l u x  v a l u e s  is d e t e r m i n e d  b y
Energy MeV
F i g u r e  4.1 N e u t r o n  s p e c t r u m  at a d e p t h  of 5 c m  in a p h a n t o m  
i r r a d i a t e d  b y  a 5 Ci ^ l A m - B e  n e u t r o n  sour c e ,
the a c c u r a c y  of the c r o s s - s e c t i o n  d a t a  u s e d  and b y  the a c c u r a c y  o f  the 
m e a s u r e m e n t  of the a b s o l u t e  a c t i v i t y .  T h e  tri a l  s p e c t r u m  i n f l u e n c e s  the o u t c o m e  
of the u n f o l d i n g  o n l y  to the e x t e n t  to w h i c h  the m o n i t o r  s e t  f a i l s  to p r o v i d e  
the n e c e s s a r y  c o v e r i n g  a n d  r e s o l u t i o n .  In a . w e l l  c o v e r e d  s p e c t r u m  t h e r e  is n o  
e n e r g y  r a n g e  of the s p e c t r u m  f o r  w h i c h  the c r o s s - s e c t i o n  o f  at l e a s t  o ne of 
the t h r e s h o l d  r e a c t i o n s  is n o t  n e g l i g i b l e .  T h e  n u m b e r  o f  f o i l s  is i m p o r t a n t  
to the e x t e n t  th a t  m o r e  c o v e r a g e  a n d  r e s o l u t i o n  is p o s s i b l e  w i t h  m o r e  foils. 
S e v e r a l  d i f f e r e n t  trial s p e c t r a  can b e  u s e d  a n d  the s p e c t r u m  u n f o l d e d  in e a c h  
case, e n e r g y  r e g i o n s  in w h i c h  the d i f f e r e n t  u n f o l d e d  s p e c t r a  d i f f e r  f r o m  e a c h  
o t h e r  a r e  n e c e s s a r i l y  u n r e l i a b l e ,  w h e r e a s  r e g i o n s  w h i c h  g i v e  c o n s i s t e n t  r e s u l t s
can be  e x p e c t e d  to be  c l o s e  to the t r u e  s p e c t r u m .  K a m  (Ka.75) e x a m i n e d  
the s o u r c e s  o f  e r r o r  in the u n f o l d i n g  t e c h n i q u e  a n d  c o n c l u d e d  t h a t  the 
r e l a t i v e  e r r o r s  f o r  c r o s s - s e c t i o n  d a t a  a n d  r e a c t i o n  r a t e  m e a s u r e m e n t s  w e r e  
in g e n e r a l  r o u g h l y  the s a m e  o r d e r  of m a g n i t u d e .
A  F L E X I B L E  I R R A D I A T I O N  S Y S T E M  C A P A B L E  O F  P R O M P T , D E L A Y  A N D  C Y C L I C
ANALYSIS
5.1 T e c h n i q u e s  f o r  E l e m e n t a l  A n a l y s i s  I n - v i v o
In g e n e r a l ,  e l e m e n t a l  c o n c e n t r a t i o n s  i n - v i v o  a r e  d e t e r m i n e d  b y  the 
d e t e c t i o n  of d e l a y  g a m m a  ra y s  f o l l o w i n g  n e u t r o n  a c t i v a t i o n  of the e l e m e n t s  
c o n c e r n e d .
D u r i n g  the i r r a d i a t i o n  p r o c e d u r e  p r o m p t  g a m m a  r a y s  are p r o d u c e d .
Th i s  i n f o r m a t i o n  is n o r m a l l y  n o t  c o l l e c t e d .  T h i s  w a s t e d  i n f o r m a t i o n  can 
b e  c o n s i d e r e d  to b e  " f r e e "  i n  the s e n s e  t h a t  n o  e x t r a  d o s e  h a s  to b e  
d e l i v e r e d  to the p a t i e n t  in o r d e r  to c o l l e c t  it.
T h e r e f o r e  a s y s t e m  w a s  d e s i g n e d  w i t h  a v i e w  to c o m b i n i n g  p r o m p t  a nd 
d e l a y  m e a s u r e m e n t s  in a s i n g l e  e x p e r i m e n t  r a t h e r  t h a n  c o n s i d e r i n g  the 
t e c h n i q u e s  as m u t u a l l y  e x c l u s i v e .
F u r t h e r ,  w h e n  the t o t a l  time of an  e x p e r i m e n t  is g r e a t e r  t h a n  a b o u t  
f i v e  h a l f - l i v e s  of the r a d i o a c t i v e  i s o t o p e  b e i n g  m e a s u r e d  t h e n  the t e c h n i q u e  
of c y c l i c  a c t i v a t i o n  is m o r e  s e n s i t i v e  th a n  the c o n v e n t i o n a l  d e l a y  t e c h n i q u e  
w h i c h  m a k e s  u s e  of o n l y  o n e  p e r i o d  o f  i r r a d i a t i o n  f o l l o w e d  b y  o n e  p e r i o d  of 
c o u n t i n g .
F r o m  the p o i n t  of  v i e w  o f  p a t i e n t  t u r n o v e r  in a h o s p i t a l  e n v i r o n m e n t  
the total time a v a i l a b l e  for a m e a s u r e m e n t  w o u l d  b e  o f  the o r d e r  of t h i r t y  
m i n u t e s .  R a d i o n u c l i d e s  w i t h  h a l f - l i v e s  of less t h a n  a b o u t  f i v e  m i n u t e s  
c o u l d  t h e r e f o r e  be a n a l y s e d  m o r e  s e n s i t i v e l y  m a k i n g  u s e  of c y c l i c  a c t i v a t i o n .
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F o r  s u c h  " s h o r t - l i v e d "  i s o t o p e s  p r o m p t ,  d e l a y  a nd c y c l i c  
m e a s u r e m e n t s  c o u l d  h e  c o m b i n e d  i n  a s i n g l e  e x p e r i m e n t .
5 . 1 . 1  E l e m e n t a l  A n a l y s i s  m a k i n g  u se of P r o m p t  y - r a y s
T h e  d e t e c t o r  r e s p o n s e  o b t a i n e d  b y  m e a s u r e m e n t  o f  the p r o m p t  g a m m a  
rays p r o d u c e d  b y  n e u t r o n  b o m b a r d m e n t  o f  a n  e l e m e n t a l  m a s s  is:
Dp = NtNfilefT (5.1)
w h e r e  N is the n u m b e r  of t a r g e t  n u c l e i  in the e l e m e n t a l  m a s s .
0  = N e u t r o n  cross-section, ba r n s .
O _ 1
(p = N e u t r o n  flux, n- cm s
1 = N u m b e r  of  p h o t o n s  e m i t t e d  p e r  n e u t r o n  c a p t u r e d .
e = T h e  i n t r i n s i c  e f f i c i e n c y  of  the d e t e c t o r  at the y - r a y  e n e r g y  
m e a s u r e d .
T = T o t a l  e x p e r i m e n t  time.
f = T h e  g e o m e t r i c a l  f a c t o r  r e l a t i n g  to the a n g l e  s u b t e n d e d  at the 
d e t e c t o r  b y  the s o u r c e .
It is a s s u m e d  in (5.1) th a t  the n e u t r o n  f l u x  r e m a i n s  c o n s t a n t  
t h r o u g h o u t  the m a s s  a n d  t h a t  t h e r e  is n o  s e l f - a b s o r p t i o n  of p r o m p t  y - r a y s  
w i t h i n  the s a m p l e  itself.
In a d d i t i o n  to the c o n s i d e r a t i o n s  o u t l i n e d  a b o v e ,  b y  u s i n g  the p r o m p t  
g a m m a  ray t e c h n i q u e  it m a y  b e  p o s s i b l e  to d e t e c t  e l e m e n t s  for w h i c h  there  
are no  s u i t a b l e  r a d i o a c t i v e  p r o d u c t s  f o r m e d  b y  n e u t r o n  i n d u c e d  r e a c t i o n s .
T h e  t e c h n i q u e  h a s  t h r e e  m a j o r  d i s a d v a n t a g e s :
a) As m e n t i o n e d  p r e v i o u s l y ,  i n e l a s t i c  g a m m a  ra y s  p r o d u c e d  in s h i e l d i n g
m a t e r i a l s  m a y  p r o d u c e  s u b s t a n t i a l  i n t e r f e r e n c e  in the p r o m p t  g a m m a  r a y
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s p e c t r u m .  T h i s  e f f e c t  c a n  be l a r g e l y  e l i m i n a t e d  b y  p r o p e r  g a t i n g  of 
the m u l t i - c h a n n e l  a n a l y s e r  r e l a t i v e  to the d i f f e r e n t  t i m e  s c a l e s  of 
i n e l a s t i c  a n d  p r o m p t  g a m m a  r a y  p r o d u c t i o n .
b) It is d e s i r a b l e  f r o m  the p o i n t  of g e o m e t r i c a l  e f f i c i e n c y  to p l a c e  the 
d e t e c t o r  as c l o s e  to the p a t i e n t  as p o s s i b l e .  T h i s  p r e s e n t s  a p r o b l e m  
of s h i e l d i n g  the d e t e c t o r  f r o m  n e u t r o n s  as n e u t r o n  i n e l a s t i c  e v e n t s  o r
n e u t r o n  capture^/ w i t h i n  the d e t e c t o r  g i v e  r i s e  to b a c k g r o u n d  g a m m a  rays.
c) T h e  b i g g e s t  d i s a d v a n t a g e  is of a t e c h n o l o g i c a l  n a t u r e .  In g e n e r a l ,  t he 
c o m p l e x i t y  of. the p r o m p t  g a m m a  r a y  s p e c t r a  n e c e s s i t a t e s  the u s e  of a 
G e ( L i )  d e t e c t o r  of g o d d  e n e r g y  r e s o l u t i o n .  It is the r a t i o  of p h o t o p e a k  
a r e a  to the b a c k g r o u n d  u n d e r  the p e a k  w h i c h  d e t e r m i n e s  the d e t e c t i o n  l i mit 
a n d  the c h a r a c t e r i s t i c a l l y  n a r r o w  photopealcs o b t a i n e d  w i t h  a G e(Li)  
d e t e c t o r  o b v i o u s l y  h a v e  m u c h  s m a l l e r  b a c k g r o u n d s  a s s o c i a t e d  w i t h  t h e m  
th a n  t h e i r  c o u n t e r p a r t s  o b t a i n e d  w i t h  an N a l ( T l )  d e t e c t o r .  H o w e v e r ,  at
// p r e s e n t ,  the r e l a t i v e l y  p o o r  s e n s i t i v i t y  and h i g h  c o s t  of  G e(Li) d e t e c t o r s
' . c o n s t i t u t e s  the m a j o r  l i m i t a t i o n  of i n - v i v o  p r o m p t  g a m m a  r a y  a n a l y s i s .
5 . 1 * 2  C o n v e n t i o n a l  A c t i v a t i o n  A n a l y s is
In this c a s e  the d e t e c t o r  r e s p o n s e  is g i v e n  by:
-A t .  - A t  - A tD = No|Ie (1 _ e i )e  w (1 _ e c } ( 5 _2 ) .
w h e r e  N, a, <j) a n d  e are as d e f i n e d  a bove.
I = T h e  f r a c t i o n a l  i n t e n s i t y  o f  the e m i t t e d  y - r a y .
t. « I r r a d i a t i o n  time.1
t = T r a n s f e r  time = T i m e  e l a p s e d  f r o m  the e n d  of i r r a d i a t i o n  to the w  r
st a r t  of the c o u n t i n g  p e r i o d .
t £ = C o u n t i n g  time.
A = D e c a y  c o n s t a n t  of the i s o t o p e  m e a s u r e d ,
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T h i s  t e c h n i q u e  h as f o u n d  a w i d e  a p p l i c a t i o n  in i n s t r u m e n t a l  n e u t r o n
a c t i v a t i o n  a n a l y s i s  o f  s h o r t - l i v e d  i s o t o p e s  (Ke.78). I t  d i f f e r s  f r o m
• • • « • f • ,c o n v e n t i o n a l  a n a l y s i s  w h e r e  a s i n g l e  i r r a d i a t e d - w a i t - c o u n t  s e q u e n c e  is
e m p l o y e d  in t h a t  a n u m b e r  o f  s u c c e s s i v e  s e q u e n c e s  are p e r f o r m e d  and the d e t e c t o r  
r e s p o n s e  p e r  c y c l e  is a c c u m u l a t e d  i n  o r d e r  to e n h a n c e  the s i g n a l - t o - n o i s e  r a t i o  
of the i s o t o p e  of i n t e r e s t .
A n d e r s  e x a m i n e d  the s e n s i t i v i t y  of  the t e c h n i q u e  for i s o t o p e s  w i t h  
h a l f - l i v e s  less than t h i r t y  s e c o n d s .  A  f a s t  s h u t t l e - r a b b i t  s y s t e m  w a s  e m p l o y e d  
to t r a n s f e r  the s a m p l e  f r o m  the i r r a d i a t i o n  p o s i t i o n  to the c o u n t i n g  p o s i t i o n  
(A n . 60, A n . 61). C a l d w e l l  c o m p a r e d  c y c l i c  a c t i v a t i o n  a n a l y s i s  a n d  c o n v e n t i o n a l  
d e l a y  a n a l y s i s  in a f e a s i b i l i t y  s t u d y  o n  the r e m o t e  a n a l y s i s  o f  l u n a r  or 
p l a n e t a r y  s u r f a c e s .  In the c y c l i c  p r o c e d u r e ,  the m u l t i - c h a n n e l  a n a l y s e r  
w a s  g a t e d  to b e g i n  c o u n t i n g  2 0 0  y s e c  a f t e r  a n e u t r o n  b u r s t  f r o m  a 14 M e V  
n e u t r o n  g e n e r a t o r  and to s t o p  c o u n t i n g  100 y s ec b e f o r e  the n e x t  b u r s t .  T he  
d e t e c t o r  r e s p o n s e  f o r  e a c h  c y c l e  w a s  a c c u m u l a t e d  o v e r  a p e r i o d  of' 30 m i n u t e s .
F o r  d e l a y  a n a l y s i s ,  a one m i n u t e  c o u n t  w a s  b e g u n  five s e c o n d s  a f t e r  the e n d  of 
a t h i r t y  m i n u t e  i r r a d i a t i o n .  T h e  s p e c t r a  f r o m  g r a n i t e  f o r  b o t h  t e c h n i q u e s  
i n d i c a t e d  c o n s i d e r a b l e  e n h a n c e m e n t  o f  s h o r t - l i v e d  a c t i v i t i e s  u s i n g  c y c l i c  
a c t i v a t i o n  ( C a ,66),
G i v e n s  et al. d e r i v e d  an e x p r e s s i o n  f or the c u m u l a t i v e  d e t e c t o r  
r e s p o n s e  a n d  c o n s i d e r e d  the o p t i m i z a t i o n  of t i m i n g  p a r a m e t e r s  (Gi.70).
T h e o r y .
T h e  c y c l e  ti m e  is:
T = t . + t + t + t 1 l w  c w
w h e r e  t. = time of i r r a d i a t i o n  i
t = time t a k e n  to t r a n s f e r  the s a m p l e  f r o m  the i r r a d i a t i o n  p o s i t i o n
5.1.3 Cyclic Activation Analysis
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t = time of  c o u n t i n g  
tw ' = time t a k e n  to t r a n s f e r  the s a m p l e  b a c k  to the i r r a d i a t i o n  
p o s i t i o n  a f t e r  c o u n t i n g  h a s  ended.
T h e r e f o r e ,  the d e t e c t o r  r e s p o n s e  to the r a d i a t i o n  e m i t t e d  b y  the 
i s o t o p e  of i n t e r e s t  a f t e r  the f i r s t  c y c l e  is:
i) = (i
1 A
-At. - A t  - A t
1N W/1 C\e )e (1 - e ) ( 5 . 3 )
w h e r e  the v a r i o u s  p a r a m e t e r s  are as d e f i n e d  for c o n v e n t i o n a l  a c t i v a t i o n  
a n a l y s i s .
F o r  the s e c o n d  cycle,
D 2 = D j ( l  + e~'vr)
a n d  f o r  the n t h  cycle,
D = D n  1
1-e -nAT
1- e - A T
T h e r e f o r e  the c u m u l a t i v e  d e t e c t o r  r e s p o n s e  is
D = D + D + s c  1 2 + D n
= D.
1-e - A T
n  - e - A T 1- e
- n A T
1- e ■AT
( 5 . 4 )
F o r  a g i v e n  t o t a l  e x p e r i m e n t  t i m e  (t = n T ’) ? the m a x i m u m  c u m u l a t i v e  
d e t e c t o r  r e s p o n s e  o c c u r s  w h e n  t^ = t £ w i t h  t r a n s f e r  times e q u a l  to zero. 
A l t h o u g h  in p r a c t i c e  the t r a n s f e r  tim e s  c a f P h o t  b e  ze r o  t h e y  s h o u l d  be 
as l ow as p o s s i b l e .  T h e  f a c t  t h a t  t r a n s f e r  t i mes c a n n o t  h e  ze r o  does n o t
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to m a x i m i s e  D , c
The t o tal e x p e r i m e n t  time c a n  b e  e x p r e s s e d  as a m u l t i p l e  of the c y c l e  
p e r i o d  or a m u l t i p l e  of the h a l f - l i f e  of the i s o t o p e  of i n t e r e s t :
change the optimum condition of equality of irradiation and counting times
S i m i l a r l y ,  the c y c l e  p e r i o d  c a n  a l s o  be  e x p r e s s e d  as a m u l t i p l e  of the 
h a l f - l i f e  of the i s o t o p e  of i n t e r e s t .
T = L t , .2
Fig. (5.1) s h o w s  the d e t e c t o r  r e s p o n s e s  f o r  the c y c l i c  a n d  c o n v e n t i o n a l  
c a s e s  as a f u n c t i o n  of the t o t a l  e x p e r i m e n t  time (Sjp.74).
T h e  c o n v e n t i o n a l  d e t e c t o r  r e s p o n s e  s h o w s  the f a m i l i a r  e f f e c t  of the 
s a t u r a t i o n  of the a c t i v i t y  o f  t he i s o t o p e  of i n t e r e s t  as the i r r a d i a t i o n  
p e r i o d  is i n c r e a s e d  b e y o n d  a n u m b e r  of h a l f - l i v e s .  In the case of c y c l i c  
a c t i v a t i o n  it can be s e e n  t h a t  the c u m u l a t i v e  r e s p o n s e  c o n t i n u e s  to i n c r e a s e  
as the t o t a l  e x p e r i m e n t  time is i n c r e a s e d .  A l t h o u g h  c y c l i c  a c t i v a t i o n  is 
u s e d  f or a n a l y s i s  of  s h o r t - l i v e d  i s o t o p e s ,  it c an b e  s e e n  f r o m  Fig, 5 . 1  
that r e g a r d l e s s  of the h a l f - l i f e  o f  the i s o t o p e  of i n t e r e s t  t h e r e  e x i s t s  a 
v a l u e  o f  t o t a l  e x p e r i m e n t  t i m e  b e y o n d  w h i c h  c y c l i c  a c t i v a t i o n  is p r e f e r r e d  
to c o n v e n t i o n a l  a c t i v a t i o n .  F o r  the c a s e  o f  t = 0, it is m o r e  a d v a n t a g e o u s  
to u s e  c y c l i c  a c t i v a t i o n  if  the t o t a l  e x p e r i m e n t  t i m e  a v a i l a b l e  is g r e a t e r  
than a b o u t  5 h a l f - l i v e s  o f  the i s o t o p e  o f  i n t e r e s t  (Oz.73).
I n c r e a s i n g  t^ h a s  t h e  e x p e c t e d  e f f e c t  of d e c r e a s i n g  the d e t e c t o r  r e s p o n s e  
in e a c h  case.
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F it r .  5 • ( .  Variation o f  cyc lic  and conventional signal w ith  total experim ent time, fo r various 
waiting times
F i & .  5 . Z  Signal and “ signal-to-noise”  ratio as a function o f  cycle period and waiting tim e fo r  a 
fix ed  length o f  experim ent
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F o r  a g i v e n  t o t a l  e x p e r i m e n t  t i m e  th e  c u m u l a t i v e  d e t e c t o r  r e s p o n s e  
can be  m a x i m i s e d  b y  o p t i m i s a t i o n  o f  t h e  c y c l e  p e r i o d  o r  s y n o n y m o u s l y  t h e  
number  o f  c y c l e s .  A c t u a l l y  i t  i s  t h e  s i g n a l  t o  n o i s e  r a t i o  r a t h e r  th an  
th e  s i g n a l  a l o n e  w h i c h  s h o u l d  b e  m a x i m i s e d .  The  b a c k g r o u n d  a s s o c i a t e d  w i t h  
the  s i g n a l  w i l l  b e  due t o  a number  o f  i s o t o p e s  o f  t h e  m a t r i x  b e i n g  m e a s u r e d .  
H o w e v e r ,  i n  p r a c t i c e  t h e  b u l k  o f  t h e  b a c k g r o u n d  can b e  u s u a l l y  a t t r i b u t e d  
t o  an i n d i v i d u a l  i s o t o p e .  F o r  t h e  p u r p o s e  o f  c a l c u l a t i n g  t h e  op t imum v a l u e  
l(  o f  n i t  i s  th en  s u f f i c i e n t  t o  c o n s i d e r  t h e  s q u a r e  r o o t  o f  t h e  b a c k g r o u n d  
as b e i n g  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  d e t e c t o r  r e s p o n s e  f o r  t h i s  
i s o t o p e .
The  h a l f - l i f e  o f  t h i s  i s o t o p e  b x i  can b e  e x p r e s s e d  as a m u l t i p l e  o f
2
t h e  h a l f - l i f e  o f  t h e  i s o t o p e  o f  i n t e r e s t :  
b x ,
( 5 . 6 )
F i g .  ( 5 . 2 )  shows  t h e  s i g n a l  and  s i g n a l  t o  n o i s e  r a t i o  f o r  an i s o t o p e  o f
10s h a l f - l i f e  and a b a c k g r o u n d  i s o t o p e  o f  1000s  h a l f - l i f e  when t h e  t o t a l
P
e x p e r i m e n t  t i m e ,  mx, e q u a l s  1 0 0 s .  A  b a c k g r o u n d  i s o t o p e  w i t h ^  = 100 was  
c h o s e n  t o  r e f l e c t  t h e  s i t u a t i o n  o f  m e a s u r i n g  77S e m( 1 7 . 5 s ) , 2 0 F ( l l s )  and 
38C l m( / 0 . 7 s )  i n  a b i o l o g i c a l  m a t r i x  ( S p . 7 7 ) .
D and , D a r e  b o t h  o b t a i n e d  f r o m  a n u m e r i c a l  s o l u t i o n  o f  e q u a t i o n  
s c b c
( 5 . 4 ) .  T h e y  b o t h  g o  t h r o u g h  maxima s h o w i n g  t h a t  t h e r e  i s  an opt imum
a v a l u e  o f  h o r  c y c l e  p e r i o d .  T he  maximum o f  D / /  D o c c u r s  a t  a l o w e r  
0/Cv s c b c
v a l u e  o f  Q  t h a n  t h e  maximum o f  gDc a l o n e .  The  d e t r i m e n t a l  e f f e c t  o f  i n c r e a s i n g  
t  i s  a l s o  c l e a r l y  d e m o n s t r a t e d .
O p t im is a t io n  o f  C yc le  P e r io d
-  120 -
T a b l e  ( 5 . 1 )  shows t h e  d e t e c t o r  r e s p o n s e s  f o r  v a r i o u s  e l e m e n t s  o f  
c l i n i c a l  i n t e r e s t  f o r  e a c h  o f  t h e  t h r e e  t e c h n i q u e s .  A  t o t a l  e x p e r i m e n t  t i m e
UlU-s P
o f  30\^X'/as c h o s e n .  A  s i m p l e  f o r t r a n  p r o g r a m  was i m p l e m e n t e d  t o  n u m e r i c a l l y  
s o l v e  e q u a t i o n  ( 5 . 4 )  and o b t a i n  t h e  op t imum p a r a m e t e r s  t o  m a x i m i s e  g Dc . The 
t a b l e  g i v e s  some i n d i c a t i o n  o f  t h e  s e n s i t i v i t y  o f  e a c h  t e c h n i q u e  f o r  an 
i n d i v i d u a l  e l e m e n t  a l t h o u g h  t h e  r e l a t i v e  d e t e c t o r  r e s p o n s e s  o b t a i n e d  i n  
p r a c t i c e  w i l l  d e p e n d  upon t h e  s i g n a l  t o  n o i s e  r a t i o s  and t h e  b a c k g r o u n d  
w i l l  b e  d i f f e r e n t  i n  e a c h  c a s e .  F u r t h e r ,  t h e  e f f i c i e n c y  o f  d e t e c t i o n  
d i f f e r s  a c c o r d i n g  t o  t h e  d e t e c t o r  u s e d  and t h e  y - r a y  e n e r g y  d e t e c t e d .
F i n a l l y ,  t h e  r e l a t i v e  f l u x  v a l u e s  f o r  t h e r m a l  and f a s t  r e a c t i o n s  n e e d s  t o  
b e  c o n s i d e r e d .
5 . 2  C h o i c e  and C h a r a c t e r i s t i c s  o f  t h e  N e u t r o n  S o u r c e
I t  was d e c i d e d  t h a t  an ( a , n )  n e u t r o n  s o u r c e  w o u l d  b e  more  s u i t a b l e  
t h a n  a 2 52C f  s o u r c e  f o r  t h e  p u r p o s e  o f  t h e  p r o p o s e d  w o r k  f o r  two  r e a s o n s :
a )  The h i g h e r  mean e n e r g y  o f  t h e  n e u t r o n s  f r o m  an ( a , n )  s o u r c e  w o u l d  a l l o w  
t h e  i n v e s t i g a t i o n  o f  r e a c t i o n s  w h o s e  t h r e s h o l d  e n e r g i e s  w o u l d  p r e c l u d e  t h e  u s e  
o f  l o w e r  e n e r g y  n e u t r o n s .
b )  The  d e g r e e  o f  u n i f o r m i t y  o f  a c t i v a t i n g  f l u x  w h i c h  c o u l d  b e  o b t a i n e d  i n  a
ph an to m  w o u l d  b e  b e t t e r  w i t h  n e u t r o n s  o f  h i g h e r  e n e r g y .
u ti ><;> vv.i ,
( a , n )  s o u r c e s  h a v e  t h e  d i s a d v a n t a g e  t h a t  t h e i r  y  d o s e  r a t e s  a r e  much 
h i g h e r  th a n  t h a t  o f  252C f ;  t h e  y - r a y  d o s e  r a t e  f r o m  a 2 I f l Am-Be s o u r c e  i s  
a b o u t  t e n  t i m e s  t h a t  f r o m  a 252C f  s o u r c e  h a v i n g  t h e  same n e u t r o n  e m i s s i o n  
r a t e .  238Pu~Be  s o u r c e s  h a v e  l e s s  t h a n  h a l f  th e  y - r a y  d o s e  r a t e  o f  241Am-Be 
s o u r c e s  b u t  t h e y  a r e  p r e s e n t l y  u n o b t a i n a b l e  i n  t h i s  c o u n t r y .  T h e r e f o r e  a
5 .1 .4  Com parison o f  P ro m p t, D e la y  and C y c l ic  te c h n iq u e s
T
a
b
le
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Am/Be
F i g .  5 . 3  N e u t r o n  S p e c t r u m  f r o m  a 2 l f l Am-Be N e u t r o n
5 C i  2l|1Am-Be n e u t r o n  s o u r c e  was  p u r c h a s e d  w i t h  a n e u t r o n  e m i s s i o n  r a t e  o f
1 . 1  x 1 0 7n s _ 1 ,
The  s o u r c e  c o n s i s t s  o f  a c o m p a c t e d  m i x t u r e  o f  a m e r i c i u m  o x i d e  w i t h  
b e r y l l i u m  m e t a l ,  d o u b l y  e n c a p s u l a t e d  i n  w e l d e d  s t a i n l e s s  s t e e l ,  The  
c y l i n d r i c a l  s o u r c e  i s  3 cm i n  d i a m e t e r  b y  6 cm i n  l e n g t h .
The  n e u t r o n  e n e r g y  s p e c t r u m  o f  a 2 i f l Am-Be s o u r c e  i s  shown i n  F i g u r e
5 . 3  ( L o . 7 3 ) ,  The  s p e c t r a l  s h a p e  can  b e  e x p l a i n e d  f r o m  a k n o w l e d g e  o f  t h e
d i f f e r e n t i a l  c r o s s - s e c t i o n  o f  t h e  9B e ( a , n ) 12C r e a c t i o n  t o  t h e  t h r e e  a v a i l a b l e  
s t a t e s  i n  12C, A n d e r s o n  e t  a l .  c a l c u l a t e d  t h a t  t h e  n e u t r o n s  e m i t t e d  f r o m  e a c h
12C l e v e l  (G r o u n d  l e v e l ,  4 . 4 3  and 7 , 6 6  MeV)  s h o u l d  h a v e  a t h r e e  p e a k e d
s p e c t r u m  and i t  i s  t h e s e  n e u t r o n  g r o u p s  w h i c h  f o r m  t h e  p e a k s  i n  t h e  o b s e r v e d
s p e c t r u m  ( A n . 6 3 ) .  Th e  p r e d o m i n a n t  e n e r g y  o f  a p a r t i c l e s  e m i t t e d  b y  a m e r i c i u m
Mel/
( 5 , 4 8 6  MeV)  i s  s i m i l a r  t o  t h a t  o f  238Pu  ( 5 . 4 9 s o  t h e  n e u t r o n  s p e c t r a  f r o m  
e a c h  s o u r c e  a r e  a l m o s t  i d e n t i c a l .
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F i g .  5 . 4  S c h e m a t i c  V i e w  o f  t h e  I r r a d i a t i o n  F a c i l i t y
0 i-L 1 i *
Am-Be has  a  h i g h  p r o p o r t i o n  o f  l o w  e n e r g y  n e u t r o n s  w h i c h  a r e  n o t  
- shown i n  F i g u r e  5 . 3 .  The  f r a c t i o n  o f  n e u t r o n s  w i t h  e n e r g y  b e l o w  1 . 5  MeV i s  
a p p r o x i m a t e l y  0 , 2 3  ( P a . 7 0 ) .
A l t h o u g h  t h e  s t r u c t u r e  o f  t h e  n e u t r o n  s p e c t r u m  can be  e x p l a i n e d , i t  i s  
i m p o r t a n t  t o  r e a l i s e  t h a t  t h e  s p e c t r u m  o b t a i n e d  i n  p r a c t i c e  i s  c r i t i c a l l y  
d e p e n d e n t  upon t h e  f a b r i c a t i o n  and d i m e n s i o n s  o f  t h e  s o u r c e .  Thus any  
p u b l i s h e d  n e u t r o n  s p e c t r a  a r e  o n l y  s t r i c t l y  r e l e v a n t  t o  s o u r c e s  p r o d u c e d  b y  
i d e n t i c a l  m e t h o d s  a t  t h e  same i n s t i t u t i o n .  N e u t r o n  e m i s s i o n  i s  a n i s o t r o p i c  
and f o r  t h e  d i m e n s i o n s  o f  t h e  s o u r c e  u s e d  f o r  t h i s  w o r k  t h e  n e u t r o n  f l u x  
p a r a l l e l  t o  t h e  a x i s  o f  t h e  c y l i n d e r  i s  p r o b a b l y  a b o u t  75% o f  t h a t  a t  9 0 °  
( A n . 6 3 ) .
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5 . 3  D e s i g n  o f  t h e  E x p e r i m e n t a l  F a c i l i t y
T he  ma in  r e q u i r e m e n t  was t o  d e s i g n  and b u i l d  a f a c i l i t y  w i t h  maximum 
f l e x i b i l i t y ,  i . e .  w h i c h  c o u l d  b e  u s e d  f o r  c o n v e n t i o n a l ,  p r o m p t  and c y c l i c  
a c t i v a t i o n  a n a l y s i s ,  a t  a minimum c o s t  b u t  w i t h  a d e q u a t e  s h i e l d i n g .
Two d o m e s t i c  w a t e r  t a n k s  w e r e  f i x e d  t o g e t h e r  as shown i n  F i g u r e s
5 . 4  and 5 . 5 .  A p e r s p e x  t u b e  runs  t h e  l e n g t h  o f  t h e  l a r g e r  t a n k  and t h e  
n e u t r o n  s o u r c e  can  b e  t r a n s f e r r e d  r a p i d l y  f r o m  i t s  r e s t i n g  p o s i t i o n  a t  
one  end  ( F i g .  5 . 7 )  t o  i t s  i r r a d i a t i o n  p o s i t i o n  a t  t h e  o t h e r  ( F i g .  5 . 8 )  b y  
c o m p r e s s e d  a i r ,  S i m i l a r l y , s i n c e  t h e  v o l u m e  o f  t h e  c y l i n d e r  c o n t a i n i n g  th e  
d r i v i n g  p i s t o n  i s  e q u a l  t o  t h e  v o l u m e  o f  t h e  p e r s p e x  t u b e ,  i t  i s  p o s s i b l e
t o  s u ck  t h e  s o u r c e  b a c k  t o  i t s  r e s t i n g  p o s i t i o n .  The  m ovem en t  o f  t h e  p i s t o n  
i s  u n d e r  t h e  c o n t r o l  o f  tw o  a u t o m a t i c  t i m e r s  w h i c h  e n a b l e  t h e  d w e l l - t i m e  
o f  t h e  s o u r c e  a t  e i t h e r  e nd  t o  b e  c h o s e n ,
T he  s o u r c e  was  p l a c e d  i n t o  a c y l i n d r i c a l  t e f l o n  c o n t a i n e r  p r i o r  t o  
b e i n g  l o a d e d  i n t o  t h e  p e r s p e x  t u b e  w h i c h  s e r v e s  t o  c u s h i o n  t h e  i m p a c t  o f  
t h e  s o u r c e  a t  t h e  s o u r c e  s t o p .  Th e  s o u r c e  s t o p  a t  t h e  i r r a d i a t i o n  e n d  
c o n s i s t s  o f  a m e t a l  p l a t e  w i t h  a c i r c u l a r  h o l e  i n  i t ,  t h e  d i a m e t e r  o f  w h i c h  
i s  s l i g h t l y  l e s s  th a n  t h a t  o f  t h e  p e r s p e x  t u b e .  A  M ark  I T  v e r s i o n  o f  t h e  
f a c i l i t y  has  b e e n  d e s i g n e d  w h i c h  i n c o r p o r a t e s  a " b l o w - o f f 11 v a l v e  a t  t h e  
e n d  o f  t h e  p e r s p e x  t u b e  su ch  t h a t  t h e  s o u r c e  d e c e l e r a t e s  s m o o t h l y  t o  r e s t  
a t  e i t h e r  e n d  o f  t h e  t u b e .
The  s m a l l e r  o f  t h e  two  t a n k s  s e r v e s  o n l y  as s h i e l d i n g  when t h e  s o u r c e  
i s  i n  i t s  r e s t i n g  p o s i t i o n .  I n  t h i s  p o s i t i o n  i t  i s  s h i e l d e d  b y  a t  l e a s t  2 
f e e t  o f  w a t e r  i n  d i r e c t i o n s  p a r a l l e l  t o  t h e  s o u r c e  a x i s  and b y  a b o u t  1 f o o t  
o f  w a t e r  i n  d i r e c t i o n s  a t  9 0 °  t o  t h e  s o u r c e  a x i s .
-  1 2 5  -
Figure 5.5 The Irradiation f a c i l i t y
Figure 5.6 The geometrical configuration o f  the shielded Ge(Li) 
detector  and the phantom used fo r  prompt and c y c l i c  
analys i s .
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F i g u r e  5 . 8  T h e  N e u t r o n  S o u r c e  i n  i t s  I r r a d i a t i o n  P o s i t i o n
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The l e n g t h  o f  t h e  p e r s p e x  t u b e  ( 4 2 " )  e n s u r e s  t h a t  n e u t r o n s  e s c a p i n g  
down t h i s  v o i d  when  t h e  s o u r c e  i s  i n  i t s  r e s t i n g  p o s i t i o n  a r e  d i m i n i s h e d  
b y  i n v e r s e  s q u a r e  l a w  e f f e c t s .  T h e y  w i l l  a l s o  b e  c o l l i m a t e d  b y  t h e  w a t e r  and a 
b l o c k  o f  p a r a f f i n  w a x  w i t h  a s h e e t  o f  Cd b e h i n d  i t  may b e  p l a c e d  a t  t h e  
e x i t  h o l e  when t h e  f a c i l i t y  i s  n o t  i n  u s e  t o  p r o v i d e  an e f f e c t i v e  n e u t r o n  
s h i e l d .
The  s o u r c e  w o u l d  b e  m o s t  e f f e c t i v e l y  s h i e l d e d  b y  u s i n g  p o l y e t h y l e n e  
l o a d e d  w i t h  b o r o n  o r  l i t h i u m  t o  a t t e n u a t e  n e u t r o n s  and l e a d  t o  a t t e n u a t e  
y - r a y s .  H o w e v e r ,  a s h i e l d i n g  c a l c u l a t i o n ,  o u t l i n e d  i n  t h e  n e x t  s e c t i o n ,  
i n d i c a t e d  t h a t  a d e q u a t e  s h i e l d i n g  s h o u l d  b e  o b t a i n e d  b y  w a t e r  o n l y  so  i n  
t h e  i n t e r e s t s  o f  e co n om y  n o  o t h e r  s h i e l d i n g  m a t e r i a l s  w e r e  e m p l o y e d .
The  s o u r c e  can  b e  l o a d e d  i n t o  t h e  f a c i l i t y  w i t h  r e l a t i v e  e a s e  and 
t h e  f a c i l i t y  has  o p e r a t e d  s a t i s f a c t o r i l y  f o r  t h e  l a s t  two y e a r s .  The  
s y s t e m  i s  p r e s e n t l y  u n d e r  c o n s i d e r a t i o n  f o r  a p a t  e n t  and has  b e e n  u n d e r ­
t a k e n  f o r  t h e  p u r p o s e  o f  d e v e l o p m e n t  b y  t h e  N a t i o n a l  R e s e a r c h  D e v e l o p m e n t  
C o u n c i l .
5 . 4  R a d i a t i o n  P r o t e c t i o n  C o n s i d e r a t i o n s
To  e n s u r e  t h a t  r o u t i n e  w o r k  c o u l d  b e  c a r r i e d  o u t  i n  t h e  v i c i n i t y  o f  
t h e  f a c i l i t y  w i t h o u t  e x c e e d i n g  s a f e  l i m i t s  o f  r a d i a t i o n  e x p o s u r e  an e s t i m a t e  
was  made o f  t h e  d o s e  r a t e s  w h i c h  w o u l d  e x i s t  a t  t h e  s u r f a c e  o f  t h e  w a t e r  
t a n k s .
T he  d o s e  r a t e  due  t o  n e u t r o n s  was  c a l c u l a t e d  s e p a r a t e l y  f r o m  t h a t  due 
t o  y - r a y s  i n  o r d e r  t o  t a k e  i n t o  a c c o u n t  t h e  d i f f e r e n t  r e l a t i v e  b i o l o g i c a l  
e f f e c t i v e n e s s  o f  t h e  two t y p e s  o f  r a d i a t i o n .
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An a c c u r a t e  e s t i m a t e  o f  t h e  d o s e  r a t e  a t  t h e  t a n k  s u r f a c e  r e q u i r e s  
t h a t  t h e  p r o b l e m  s h o u l d  b e  s o l v e d  u s i n g  t h e  M on te  C a r l o  m e t h o d  ( r a n d o m  w a l k  
m o d e l l i n g ) . H o w e v e r ,  s i n c e  a t  t h i s  e a r l y  s t a g e  o f  t h e  w o r k  n o  such  c o d e  
was a v a i l a b l e  i t  was  d e c i d e d  t o  a p p l y  a  s i m p l e  " o n e - v e l o c i t y  g r o u p "  t y p e  
o f  c a l c u l a t i o n  t o  g i v e  an a p p r o x i m a t e  s o l u t i o n .
The p r i n c i p l e s  o f  " r e m o v a l  c r o s s - s e c t i o n  t h e o r y "  a r e  s a t i s f i e d  b y  two 
n e c e s s a r y  and s u f f i c i e n t  c o n d i t i o n s .
a )  Th e  n e u t r o n s  must  b e  so  d i s t r i b u t e d  i n  e n e r g y  and t h e  s h i e l d  mus t
b e  s u f f i c i e n t l y  t h i c k  such  t h a t  o n l y  a n a r r o w  b a nd  o f  t h e  n e u t r o n  e n e r g y  
s p e c t r u m  g i v e s  any  a p p r e c i a b l e  c o n t r i b u t i o n  t o  t h e  d o s e  r a t e  b e y o n d  t h e  
s h i e l d .
b )  The  m a t e r i a l  o f  t h e  s h i e l d  mus t  b e  su ch  as  t o  e n s u r e  a v e r y  s h o r t  
c h a r a c t e r i s t i c  t r a n s p o r t  l e n g t h  f r o m  t h e  i n i t i a l  m o s t  p e n e t r a t i n g  e n e r g y  
t o  a b s o r p t i o n  a t  t h e r m a l  e n e r g i e s .  Thus any  i n t e r a c t i o n  o f  a n e u t r o n  f r o m  
t h e  n a r r o w  e n e r g y  band  o f  t h e  m o s t  p e n e t r a t i n g  n e u t r o n s  c a n  b e  c o n s i d e r e d  
f a t a l  i n  s o  f a r  as t h e  r e s u l t a n t  d e g r a d e d  n e u t r o n  w i l l  make n o  c o n t r i b u t i o n  t o  
t h e  d o s e  r a t e  b e y o n d  t h e  s h i e l d .
Th e  mean e n e r g y  o f  t h e  n e u t r o n s  e m i t t e d  f r o m  a  2 l f l Am-Be s o u r c e  i s  
a p p r o x i m a t e l y  4 . 4  MeV ( L o . 7 3 ) .  The  d o s e  e q u i v a l e n t  r a t e  p e r  u n i t  n e u t r o n  
f l u e n c e  i n c r e a s e s  w i t h  i n c r e a s i n g  n e u t r o n  e n e r g y  and s o  h i g h e r  e n e r g y  n e u t r o n s  
p r e s e n t  more  o f  a r a d i a t i o n  p r o t e c t i o n  p r o b l e m  t h a n  l o w e r  e n e r g y  n e u t r o n s  
( C a . 7 2 ) .  T h e r e f o r e ,  i f  i t  i s  assumed t h a t  a l l  t h e  n e u t r o n s  e m i t t e d  b y  t h e  
s o u r c e  a r e  o f  8 MeV and t h e  d o s e  r a t e s  a r e  c a l c u l a t e d  a c c o r d i n g l y ,  t h e n  t h e  
d o s e  r a t e s  o b t a i n e d  i n  p r a c t i c e  s h o u l d  c e r t a i n l y  n o t  e x c e e d  t h e s e  c a l c u l a t e d  
v a l u e s .
5 .4 .1  N e u tro n  Dose Rate (O n e -v e lo c ity  g roup  c a lc u la t io n s )
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I n  o r d e r  t o  d e m o n s t r a t e  t h a t  c o n d i t i o n  ( b )  i s  t r u e  i t  i s  n e c e s s a r y  
t o  i n v o k e  t h e  c o n c e p t s  o f  t h e  mean p a t h  l e n g t h  b e t w e e n  c o l l i s i o n s  and 
l e t h a r g y .
c )  Mean p a t h  l e n g t h  b e t w e e n  c o l l i s i o n s  The  p r o b a b i l i t y  p e r  u n i t  l e n g t h  
t r a v e l l e d  i n  an e l e m e n t  o f  an i n t e r a c t i o n  o c c u r r i n g  i s  known as t h e  m a c r o s c o p i c  
c r o s s - s e c t i o n  (E^.) and i s  g i v e n  b y :
£21 (5 .7 )
w h e r e  N = A v o g a d r o s  number
a =  m i c r o s c o p i c  c r o s s - s e c t i o n  
p = d e n s i t y  o f  t h e  e l e m e n t  
A =  A t o m i c  w e i g h t  o f  t h e  e l e m e n t
T h e r e f o r e  t h e  p r o b a b i l i t y  o f  a c o l l i s i o n  b e t w e e n  L  and L  + dL i s :
p ( L ) d L  = e  1 £ dL 
t
( 5 . 8 )
So t h e  mean p a t h  l e n g t h  b e t w e e n  c o l l i s i o n s  i s :
OO
L L  e E t dL = 1/E t ( 5 .9 )
0
The m a c r o s c o p i c  c r o s s - s e c t i o n  can b e  c a l c u l a t e d  f o r  a medium
c o n s i s t i n g  o f  a  m i x t u r e  o f  e l e m e n t s  and i s  g i v e n  b y :
(5 .1 0 )
w h e r e  ct i s  t h e  number  o f  gram s  o f  e l e m e n t  number  1 p e r  u n i t  v o lu m e  o f  t h e  
m i x t u r e  and s i m i l a r l y  f o r  a ^ .
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L e t h a r g y  I n  an e l a s t i c  c o l l i s i o n  t h e  e n e r g y  l o s s  i s  a p e r c e n t a g e  
o f  t h e  i n i t i a l  e n e r g y  and s o  i n  p r o b l e m s  r e l a t i n g  t o  t h e  t h e r m a l i s a t i o n  o f
n e u t r o n s  i t  i s  c o n v e n i e n t  t o  u s e  t h e  l e t h a r g y  v a r i a b l e  u = L n ( E Q/ E ) , w h e r e
E i s  some a r b i t r a r y  v a l u e  o f  e n e r g y .  The  a d v a n t a g e  o f  t h i s  a p p r o a c h  i s  
t h a t  t h e  c h a n g e  i n  l e t h a r g y  o f  a n e u t r o n  when  i t  c o l l i d e s  w i t h  a n u c l e u s  
i s  i n d e p e n d e n t  o f  i t s  e n e r g y .
The  a v e r a g e  l o s s  i n  l e t h a r g y  Au i n  a c o l l i s i o n  w i t h  a n u c l e u s  o f
a to m  w e i g h t  A  i s  g i v e n  b y  ( T a . 6 4 )
Au = 1 + I n (1  -  q )  ( 5 . 1 1 )
, 4A
w h e r e  q = --------
( l + A ) 2
T h u s ,  t a k i n g  c o l l i s i o n s  w i t h  h y d r o g e n  as an e x a m p l e :
I f  E j  i s  t h e  n e u t r o n  e n e r g y  b e f o r e  c o l l i s i o n  and E^ i t s  e n e r g y  a f t e r w a r d s
t h e n :
Au = I n
rE°i fE°l
K
-  I n
iBVJ
= 0 . 9 9 8  ( 5 . 1 2 )
i . e .  E_ =
Ei
2 2 . 7 1 7 8
T h e r e f o r e  t h e  number  o f  e l a s t i c  c o l l i s i o n s  n e e d e d  t o  s l o w  a n e u t r o n  f r o m  
8 MeV t o  0 . 0 2 5  eV i s  n ,  w h e r e :
( 2 . 7178)n = £ 1 0 i
i . e .  n = 19.
As a r o u g h  e s t i m a t e  o f  t h e  d i s t a n c e  t r a v e l l e d  b y  a n e u t r o n  i n  w a t e r  
i n  s l o w i n g  down f r o m  8 MeV t o  t h e r m a l  e n e r g i e s  one  can c a l c u l a t e  t h e
p r o d u c t  o f  t h e  mean p a t h  l e n g t h  b e t w e e n  c o l l i s i o n s  and t h e  mean num be r
o f  c o l l i s i o n s  n e e d e d  t o  s l o w  t h e  n e u t r o n  f r o m  8 MeV t o  t h e r m a l  e n e r g i e s .
The  mean p a t h  l e n g t h  i s  o f  c o u r s e  e n e r g y  d e p e n d e n t  b u t  f o r  t h e  
p u r p o s e s  o f  t h i s  c a l c u l a t i o n  i t  was  c a l c u l a t e d  f o r  s e v e r a l  e n e r g i e s  b e t w e e n
8 MeV and 0 . 0 2 5  eV  and a l t h o u g h  i t  v a r i e d  f r o m  9 . 1  cm a t  8 MeV t o  0 . 1 8  cm
a t  t h e r m a l  e n e r g i e s  a v a l u e  o f  3 cm was  c h o s e n  as a r e a s o n a b l e  e s t i m a t e  o f  
an a v e r a g e  v a l u e .
S i m i l a r l y , a l t h o u g h  t h e  num ber  o f  c o l l i s i o n s  n e e d e d  t o  r e d u c e  an 8 MeV 
n e u t r o n  t o  t h e r m a l  e n e r g y  i s  19 f o r  h y d r o g e n ,  f o r  o x y g e n  t h e  number  o f  
c o l l i s i o n s  r e q u i r e d  i s  1 6 3 .  H o w e v e r ^ s i n c e  t h e r e  a r e  t w i c e  as  many h y d r o g e n  
at oms as  o x y g e n  at om s p e r  u n i t  v o l u m e , a  v a l u e  o f  50 was  c h o s e n  f o r  t h e  
number  o f  c o l l i s i o n s  n e e d e d  t o  t h e r m a l i z e  an 8 MeV n e u t r o n  i n  w a t e r .  T h e r e ­
f o r e  t h e  d i s t a n c e  t r a v e l l e d  b y  a  n e u t r o n  i n  s l o w i n g  down f r o m  8 MeV t o
0 . 0 2 5  eV was  e s t i m a t e d  t o  b e  o f  t h e  o r d e r  o f  150 cm. N e u t r o n s  f o l l o w  
random  p a t h s  i n  s l o w i n g  down and s o  on e  w o u l d  e x p e c t  t h a t  a n e u t r o n  w o u l d  
n o t  t r a v e l  m ore  th a n  10 cm i n  any  g i v e n  d i r e c t i o n  f r o m  t h e  p o i n t  o f  th e  
i n i t i a l  i n t e r a c t i o n .
T h e r e f o r e  a l l  n e u t r o n s  can  b e  assum ed  t o  b e  t h e r m a l i s e d  a p a r t  f r o m  
t h o s e  8 MeV n e u t r o n s  w h i c h  s u f f e r  c o l l i s i o n s  f o r  t h e  f i r s t  t i m e  i n  t h e  l a s t  
f e w  c e n t i m e t r e s  o f  w a t e r  n e a r  t h e  s u r f a c e  o f  t h e  t a n k .
The  mean p a t h  l e n g t h  i n  w a t e r  o f  a t h e r m a l  n e u t r o n  b e f o r e  i t  i s  
c a p t u r e d  was  c a l c u l a t e d  as  90 cm. Thus b y  t h e  same a r g u m e n t  as g i v e n  a b o v e  
a t h e r m a l  n e u t r o n  w o u l d  n o t  t r a v e l  m o r e  t h a n  a b o u t  10 cm i n  an y  p a r t i c u l a r  
d i r e c t i o n .
-  132 -
T h e r e f o r e ,  t h e  n e c e s s a r y  c o n d i t i o n  ( b )  t h a t  any  i n t e r a c t i o n  o f  a 
n e u t r o n  f r o m  t h e  c h o s e n  n a r r o w  e n e r g y  b a n d  can b e  c o n s i d e r e d  f a t a l  ( i . e .  
t h e  n e u t r o n  i s  r e m o v e d  o r  i g n o r e d  a f t e r  t h i s  e v e n t )  i s  t r u e  f o r  t h e  p r e s e n t  
g e o m e t r y  and s h i e l d i n g  m a t e r i a l .  T h e  o n l y  p r o v i s o  i s  t h a t  8 MeV n e u t r o n s  
w h i c h  u n d e r g o  c o l l i s i o n s  f o r  t h e  f i r s t  t i m e  a t  d i s t a n c e s  o f  l e s s  th an  10 cm 
f r o m  t h e  s u r f a c e  o f  t h e  t a n k  w i l l  b e  t h e r m a l i s e d  b u t  t h e y  w i l l  p r o b a b l y  
[' n o t  be  c a p t u r e d  and t h e r e f o r e  t h e y  w i l l  d i f f u s e  o u t  o f  t h e  t a n k .  C o n s e q u e n t l y ,  
t a r e a s o n a b l e  e s t i m a t e  o f  t h e  t h e r m a l  n e u t r o n  f l u x  a t  t h e  t a n k  s u r f a c e  m i g h t  
I b e  t h e  f l u x  o f  8 MeV n e u t r o n s  a t  a  d i s t a n c e  o f  10 cm f r o m  t h e  t a n k  s u r f a c e .
A s s u m i n g  t h a t  t h e  s o u r c e  i s  a p o i n t  s o u r c e  and t h a t  t h e  e m i s s i o n  o f  
n e u t r o n s  i s  i s o t r o p i c  t h e  f l u x  o f  8 MeV n e u t r o n s  a t  a d i s t a n c e  o f  30 and 
20 cm f r o m  t h e  s o u r c e  was  c a l c u l a t e d  a s :
- v
F l u x  a t  r  =  i .t° t °L .g”#£.s- °^.n.. ----------  ( 5 . 1 3 )
4rrr2
T h i s  y i e l d e d  a f a s t  and t h e r m a l  f l u x  v a l u e  a t  t h e  t a n k  s u r f a c e  o f  
36 cm "2 s “ 1 and 243 c n f 2 s _1 r e s p e c t i v e l y .  C o n v e r t i n g  t h e s e  v a l u e s  b y  t h e  
a p p r o p r i a t e  f l u e n c e  t o  d o s e  c o n v e r s i o n  f a c t o r s  y i e l d e d  d o s e  r a t e s  o f  
, 6 . 5  m rem h r ” 1 and 0 . 8  m rem h r ” 1 ( N E R P ) .
(  When t h e  s o u r c e  was  i n t a i l e d  a m e a s u r e m e n t  o f  t h e  d o s e  r a t e s  a t  t h e
(
j s u r f a c e  o f  t h e  t a n k  u s i n g  f i l m  b a d g e s  g a v e  v a l u e s  o f  0 . 6  m rem h r ” 1 f o r  
/ t h e  f a s t  n e u t r o n s  and 1 . 8  m rem  h r -1  f o r  t h e r m a l  n e u t r o n s .
D e s p i t e  t h e  i n h e r e n t  l i m i t a t i o n s  o f  t h e  m e t h o d , t h e  e s t i m a t e s  o b t a i n e d  
u s i n g  r e m o v a l  t h e o r y  p r o v e d  u s e f u l  i n  t h a t  t h e y  g a v e  an i n d i c a t i o n  o f  t h e
d o s e  l e v e l s  w h i c h  w e r e  l i k e l y  t o  b e  o b t a i n e d .  B a s e d  on t h e s e  i n i t i a l
e s t i m a t e s , i t  was  d e c i d e d  t o  s h i e l d  t h e  f a c i l i t y  f u r t h e r  b y  a s e r i e s  o f  
f i v e  g a l l o n  p o l y t h e n e  w a t e r  drums as  shown i n  F i g .  5 . 6 .
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5 . 4 . 2  Gamma d o s e  r a t e
The  y - e x p o s u r e  r a t e  f r o m  an u n s h i e l d e d  5 C i  21f lAm-Be n e u t r o n  s o u r c e  
i s  1 2 .5  mR h r ” 1 a t  1 m e t r e  w h i l s t  f o r  238 P u - B e  and 252C f  s o u r c e s  w i t h  t h e  
same n e u t r o n  e m i s s i o n  r a t e  t h e  e x p o s u r e  r a t e s  a r e  l e s s  t h a n  5 mR h r ” 1 .
2t+1Am-*Be e m i t s  60  k e V  y - r a y s  f r o m  2lf0Am and 4 . 4  MeV y - r a y s  f r o m  t h e  
f i r s t  e x c i t e d  s t a t e  o f  12C. The  p r e s e n c e  o f  a 30 cm t h i c k n e s s  o f  w a t e r
f /  a r o u n d  t h e  s o u r c e  r e d u c e s  t h i s  d o s e  r a t e  t o  1 x 10- 5  Gy h r ” 1 w h e r e  t h e  a t t e n u a t i o n
\ \
\ f a c t o r  has  b e e n  c a l c u l a t e d  u s i n g  t h e  mass a b s o r p t i o n  c o e f f i c i e n t s  o f  w a t e r
4 I
f o r  t h e  two y - r a y s  e n e r g i e s .
,.n H o w e v e r , n e u t r o n  c a p t u r e  i n  h y d r o g e n  p r o d u c e s  2 . 2  MeV y - r a y s .  A s s u m i n g
• ) # . . .
/ t h a t  a l l  t h e  n e u t r o n s  e m i t t e d  b y  t h e  s o u r c e  a r e  c a p t u r e d  i n  t h e  w a t e r  s h i e l d i n g
1 one  w o u l d  o b v i o u s l y  e r r  on t h e  s i d e  o f  s a f e t y .  Once  m o r e  t h e  p r o b l e m  can  
o n l y  b e  s o l v e d  s a t i s f a c t o r i l y  b y  t h e  t e c h n i q u e  o f  s t a t i s t i c a l  m o d e l l i n g  b u t  
t o  o b t a i n  an a p p r o x i m a t e  s o l u t i o n  t h e  2 . 2  MeV y - r a y s  w e r e  a l l  c o n s i d e r e d  t o  
o r i g i n a t e  a t  a d i s t a n c e  o f  15 cm f r o m  t h e  s o u r c e .  The  a b s o r p t i o n  o f  t h e s e  
' I y - r a y s  i n  t h e  r e m a i n i n g  15 cm o f  w a t e r  was  c a l c u l a t e d  and t h e  d o s e  r a t e  a t
j t h e  s u r f a c e  o f  t h e  t a n k  f r o m  2 . 2  MeV y - r a y s  was  e s t i m a t e d  t o  b e  1 0  S v  h r ” 1 .
1/ The y  d o s e  r a t e  m e a s u r e d  a t  t h e  s u r f a c e  o f  t h e  t a n k  was  6 X 10  ■Svhr” 1 .
5 . 4 . 3  D o s e  r a t e  s u r v e y
P r e l i m i n a r y  m o n i t o r i n g  i n d i c a t e d  t h a t  t h e  n e u t r o n  and y  d o s e  r a t e s
d e c r e a s e d  r a p i d l y  w i t h  i n c r e a s i n g  d i s t a n c e  f r o m  t h e  s u r f a c e  o f  t h e  t a n k .
H o w e v e r , i t  was d e c i d e d  t o  p l a c e  e x t r a  s h i e l d i n g  a r o u n d  t h e  t a n k s , w h i c h  i n  
a d d i t i o n  t o  i t s  a t t e n u a t i n g  f u n c t i o n , w o u l d  p h y s i c a l l y  p r e v e n t  a n y o n e  w o r k i n g  
t o o  c l o s e  t o  t h e  t a n k  s u r f a c e .  The  r e l a t i v e  m e r i t  o f  f i v e  g a l l o n  w a t e r  
drums and c o n c r e t e  s l a b s  two  i n c h e s  t h i c k  was  i n v e s t i g a t e d .  T he  s h i e l d i n g
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p r o p e r t i e s  o f  b o t h  w e r e  s i m i l a r  f o r  y - r a y s  b u t  t h e  w a t e r  drums w e r e  
s l i g h t l y  more  e f f i c i e n t  i n  s h i e l d i n g  a g a i n s t  n e u t r o n s .
F i g u r e  5 . 9  shows a s c a l e  d r a w i n g  o f  t h e  l a b o r a t o r y  and t h e  f a c i l i t y .
The d o s e  r a t e s  w e r e  m e a s u r e d  b y  f i l m  b a d g e s  some o f  w h i c h  w e r e  p r o c e s s e d  
b y  t h e  NRPB and some a t  t h e  U n i v e r s i t y  ( S u . 7 8 ) .  The  p o s i t i o n s  i n d i c a t e d  
a r e  i n  t h e  same h o r i z o n t a l  p l a n e  as t h e  n e u t r o n  s o u r c e  and t h e  d o s e  r a t e s  
a r e  t h o s e  o b t a i n e d  when t h e  s o u r c e  i s  i n  i t s  i r r a d i a t i o n  p o s i t i o n .
F i g u r e  5 . 1 0  g i v e s  t h e  d o s e  r a t e s  f o r  p o i n t s  i n  a h o r i z o n t a l  p l a n e  
a t  t h e  same h e i g h t  a b o v e  t h e  f l o o r  as  t h e  u p p e r  s u r f a c e  o f  t h e  t a n k s .
The  l e n s  o f  t h e  e y e  i s  known t o  b e  a c r i t i c a l  t a r g e t  and b e  v e r y  s e n s i t i v e  
t o  n e u t r o n  e x p o s u r e .  T h e r e f o r e  d o s e  r a t e s  w e r e  a l s o  m e a s u r e d  a t  a h e i g h t  
o f  5 . 5  f e e t  a b o v e  t h e  f l o o r  t o  g i v e  an i r r a d i a t i o n  o f  t h e  n e u t r o n  d o s e  t o  
t h e  e y e s  o f  a w o r k e r , a s  shown i n  F i g ,  5 . 1 1 .
The  d o s e  r a t e s  shown i n  F i g s .  5 . 1 0  and 5 , 1 1  w e r e  o b t a i n e d  b y  d i v i d i n g  
t h e  t o t a l  d o s e  b y  t h e  t o t a l  t i m e  f o r  w h i c h  t h e  b a d g e s  w e r e  i n  p o s i t i o n .  H o w e v e r  
d u r i n g  t h i s  p e r i o d  o f  t i m e  t h e  s o u r c e  was  i n  i t s  i r r a d i a t i o n  p o s i t i o n  f o r  
h a l f  t h e  t i m e  and i n  i t s  r e s t i n g  p o s i t i o n  f o r  t h e  o t h e r  h a l f .  A l t h o u g h  t h e  
d o s e  r a t e s  g i v e  an i n d i c a t i o n  o f  t h o s e  w h i c h  w o u l d  e x i s t  u n d e r  n o r m a l  
w o r k i n g  c o n d i  t i o n s  t h e  d o s e  r a t e s  w h i c h  e x i s t  a t  t h e  i r r a d i a t i o n  e nd  o f  t h e  
f a c i l i t y  when t h e  s o u r c e  i s  i n  i t s  i r r a d i a t i o n  p o s i t i o n  w o u l d  b e  t w i c e  as 
b i g  as t h o s e  shown.
The  d o s e  r a t e s  g i v e n  i n  F i g s .  5 . 9  t o  5 . 1 1  a r e  t h o s e  due t o  a 238Pu*-Be 
s o u r c e .  The y  d o s e  r a t e s  c a n  b e  s e e n  t o  be  more  o f  a p r o b l e m  th an  t h e  
n e u t r o n  d o s e  r a t e s .  The  y  d o s e  r a t e  f r o m  an 21+1Am-Be n e u t r o n  s o u r c e  i s  known 
t o  b e  2 . 5  t i m e s  t h a t  o f  a 238P u - B e  s o u r c e .  H o w e v e r  t h e  y  d o s e  r a t e s  on th e  
l a t e r a l  w a l l s  o f  t h e  l a b o r a t o r y  w i t h  t h e  2 i f lAm-Be s o u r c e  i n  i t s  i r r a d i a t i o n  
p o s i t i o n  a r e  l e s s  th a n  0 . 2 5  m rem h r - 1 .
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F i g u r e  5 .
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9 N e u t r o n  and gamma r a y  d o s e  r a t e s  i n  t h e  same h o r i z o n t a l  
p l a n e  as t h e  n e u t r o n  s o u r c e .  ( ' fir' 1)
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F i g u r e  5 . 1 0  N e u t r o n  and gamma r a y  d o s e  r a t e s  i n  t h e  same h o r i z o n t a l
p l a n e  as t h e  w a t e r  s u r f a c e  i n  t h e  s h i e l d i n g  t a n k s . V
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F i g u r e  5.11 N e u t r o n  and gamma r a y  d o s e  r a t e s  i n  a h o r i z o n t a l  p l a n e  
5 f e e l  and 6 i n c h e s  a b o v e  t h e  f l o o r .  6vvtera  V  ' )
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5 . 5 . 1  S h i e l d i n g  o f  t h e  d e t e c t o r s
I t  i s  n e c e s s a r y  to s h i e l d  any  d e t e c t o r  p l a c e d  i n  t h e  v i c i n i t y  o f  t h e  
n e u t r o n  s o u r c e  f r o m  t h e  d e l e t e r i o u s  e f f e c t s  i n d u c e d  b y  n e u t r o n  e x p o s u r e .  
F u r t h e r m o r e ,  i n  t h e  c a s e  o f  p r o m p t  a n a l y s i s  i t  i s  n e c e s s a r y  t o  s h i e l d  t h e  
d e t e c t o r  f r o m  th e  d y n a m ic  y - r a y  b a c k g r o u n d  o r i g i n a t i n g  f r o m  t h e  s o u r c e  and 
s h i e l d i n g  m a t e r i a l s .
a )  S h i e l d i n g  f r o m  n e u t r o n s
. A  p e r s p e x  cap was  c o n s t r u c t e d  f o r  t h e  G e ( L i )  d e t e c t o r  w h i c h  was  f i l l e d  
w i t h  l i t h i u m  c a r b o n a t e  p o w d e r .  N e u t r o n s  s c a t t e r e d  f r o m  t h e  p h a n t o m  t o w a r d s  
th e  d e t e c t o r  had t o  p e n e t r a t e  t h r o u g h  a 1 cm t h i c k n e s s  o f  l i t h i u m  c a r b o n a t e  
t o  r e a c h  t h e  c r y s t a l .  6L i  w h i c h  c o m p r i s e s  7.42% o f  n a t u r a l  l i t h i u m  i s  t h e  o n l y  
r e a l  c o n t r i b u t o r  t o  t h e  m a c r o s c o p i c  c a p t u r e  c r o s s - s e c t i o n  i n  n a t u r a l  l i t h i u m  
due t o  t h e  h i g h  c r o s s - s e c t i o n  ( 9 5 3 b )  o f  t h e  ( n , a )  r e a c t i o n .
I t  was  c a l c u l a t e d  t h a t  t h e r m a l  n e u t r o n s  w o u l d  b e  a t t e n u a t e d  b y  92% b y  
t h i s  s h i e l d i n g .  The  1 cm t h i c k n e s s  o f  L i 2C o 3 p r o t e c t i n g  t h e  w in d o w  o f  t h e  
d e t e c t o r  n e c e s s a r i l y  a t t e n u a t e s  a n y  u s e f u l  y - r a y  s i g n a l  f r o m  t h e  p h an tom .
The  d e g r e e  o f  a t t e n u a t i o n  can  b e  c a l c u l a t e d  f r o m  a k n o w l e d g e  o f  t h e  mass  
a t t e n u a t i o n  c o e f f i c i e n t  o f  t h e  s h i e l d i n g  m a t e r i a l .  T h i s  i s  c a l c u l a t e d  f o r  
su ch  a compound as t h e  w e i g h t e d  a v e r a g e  o f  i t s  . c o n s t i t u e n t  e l e m e n t s  i . e .  
p/p = E xy^vu/p^.  I t  was shown t h a t  500 lceV y - r a y s  w o u l d  b e  a t t e n u a t e d  b y  16% 
w h i l s t  1 MeV y - r a y s  w o u l d  o n l y  s u f f e r  13% a t t e n u a t i o n .
The  amount  o f  s h i e l d i n g  u s e d  was  t h e r e f o r e  a  c o m p r o m i s e  b e t w e e n  
m a x i m i s i n g  n e u t r o n  a t t e n u a t i o n  and m i n i m i s i n g  t h e  a t t e n u a t i o n  o f  y - r a y s  o f  
i n t e r e s t .
5 .5  Gamma Ray D e te c to rs
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Bags  f i l l e d  w i t h  L i ^ C O g  and b o r o n  l o a d e d  c l a y  w e r e  p a c k e d  a r o u n d  
t h e  d e t e c t o r  t o  p r o v i d e  e x t r a  s h e i l d i n g .  The  b o r o n  l o a d e d  c l a y  has  a 
m a c r o s c o p i c  c r o s s - s e c t i o n  f o r  t h e r m a l  n e u t r o n s  o f  4 . 7 1  cm-1  due t o  t h e  v e r y  
h i g h  c r o s s - s e c t i o n  ( 3 8 3 7 b )  f o r  t h e  ( n , a )  r e a c t i o n  on 10B. U n f o r t u n a t e l y ,
t r  a l t h o u g h  b o r o n  p r o v i d e s  b e t t e r  s h i e l d i n g  a g a i n s t  n e u t r o n s  t h a n  L i  d o e s  i t
) }
)  { has  t h e  d i s a d v a n t a g e  o f  b e i n g  a p r o l i f i c  s o u r c e  o f  470 k e V  p r o m p t  y - r a y s .c. u
b )  S h i e l d i n g  f r o m  y - r a y s
S h i e l d i n g  a g a i n s t  y - r a y s  was  m o s t  p r o b l e m a t i c  i n  t h e  c a s e  o f  p r o m p t  
y - r a y  a n a l y s i s .  I n  t h i s  c a s e  t h e  s o u r c e  i s  p r o x i m a l  t o  t h e  d e t e c t o r  and so  
t h e  d e t e c t o r  had  t o  b e  s h i e l d e d  f r o m  t h e  y  r a d i a t i o n  d i r e c t l y  e m i t t e d  f r o m  
the  s o u r c e  i . e .  .0 60  and 4 . 4 4 2  MeV. F u r t h e r m o r e ,  t h e  h i g h  i n t e n s i t y  o f  t h e
2 . 2 2 2  MeV y - r a y s  p r o d u c e d  b y  n e u t r o n  c a p t u r e  i n  t h e  h y d r o g e n  o f  t h e  w a t e r
] f s h i e l d i n g  and t h e  w a t e r  i n  t h e  p h an tom  i n c r e a s e d  t h e  d y n a m i c  b a c k g r o u n d  a t
I (
i  * l o w e r  e n e r g i e s .
P r e l i m i n a r y  e x p e r i m e n t s  s u g g e s t e d  t h a t  t h e  c a p t u r e  o f  n e u t r o n s  i n  t h e  
w a t e r  i m m e d i a t e l y  s u r r o u n d i n g  t h e  n e u t r o n  s o u r c e  c o n t r i b u t e d  s u b s t a n t i a l l y  
t o  t h e  i n t e n s i t y  o f  t h e  2 . 2 2 2  MeV p e a k ,  and a l s o  t h e  b a c k g r o u n d  c o n t i n u u m  
a t  l o w e r  e n e r g i e s .  Bags  o f  b o r o n  l o a d e d  c l a y  w e r e  t h e r e f o r e  p l a c e d  a ro u n d  
t h e  p e r s p e x  t u b e  a t  t h e  i r r a d i a t i o n  e n d .  T h i s  r e d u c e d  t h e  b a c k g r o u n d  i n  
t h e  r e g i o n  b e l o w  2 . 2 2 2  MeV b y  25%. H o w e v e r ^ i t  g a v e  r i s e  t o  an i n t e n s e  p e a k  
a t  470 k eV  due  t o  n e u t r o n  c a p t u r e  i n  t h e  b o r o n  and c a u s e d  an i n c r e a s e  i n  t h e  
b a c k g r o u n d  c o n t i n u u m  b e l o w  t h i s  e n e r g y .  H o w e v e r ,  i t  a c h i e v e d  i t s  p u r p o s e  
b y  e f f e c t i v e l y  r e d u c i n g  t h e  b a c k g r o u n d  c o n t i n u u m  i n  t h e  r e g i o n  . 4 7 0 - 2 . 2 2 2  MeV. 
Th e  e f f e c t  o f  t h e  o r i e n t a t i o n  o f  t h e  c o l l i m a t e d  d e t e c t o r  upon  t h e  b a c k g r o u n d
f i  was i n v e s t i g a t e d  and i t  was  d i s c o v e r e d  t h a t  t h e  b e s t  p o s i t i o n  f o r  t h e  d e t e c t o r
7  was a t  9 0 °  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  p e r s p e x  tu b e  as shown i n  F i g .  5 . 6 .
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T h i s  r e s u l t  was e x p e c t e d  s i n c e  i n  t h i s  p o s i t i o n  t h e  d e t e c t o r  i s  s h i e l d e d  
f r o m  a d i r e c t  v i e w  o f  t h e  s o u r c e .  F i n a l l y  t h e  d e t e c t o r  was  s h i e l d e d  on 
a l l  s i d e s  b y  a 5 cm t h i c k n e s s  o f  l e a d .  T h i s  t h i c k n e s s  o f  l e a d  a t t e n u a t e s
2 . 2 2 2  MeV y - r a y s  b y  93% and 4 . 4 4  MeV y - r a y s  b y  91%,
5 . 5 . 2  E f f i c i e n c y  o f  t h e  d e t e c t o r s
The  G e ( L i )  d e t e c t o r  u s e d  h ad  an e f f i c i e n c y  o f  11 .4% r e l a t i v e  t o  t h e
3" x 3"  N a l ( T l )  d e t e c t o r  f o r  t h e  1 . 3 3 2  MeV y - r a y  o f  a  60 Co s o u r c e  p l a c e d
a t  a  d i s t a n c e  o f  25 cm f r o m  t h e  f a c e  o f  t h e  d e t e c t o r .  F i g .  5 . 1 2  shows t h e  
v a r i a t i o n  o f  p h o t o p e a l c  e f f i c i e n c y  w i t h  e n e r g y  f o r  t h e  c a s e  o f  2ir g e o m e t r y
i . e .  s o u r c e  p l a c e d  c e n t r a l l y  on t h e  f r o n t  f a c e  o f  t h e  d e t e c t o r .  Weak 
s t a n d a r d  s o u r c e s  w e r e  u s e d  w i t h  a c t i v i t i e s  o f  t h e  o r d e r  o f  10** Bq b u t  
d e s p i t e  t h e  l o w  a c t i v i t y  i t  was  f o u n d  t h a t  sum p e a k s  c a u s e d  some u n c e r t a i n t y  
i n  t h e  m e a s u r e m e n t s  f o r  t h e  6 0Co and 22Na s o u r c e s .  I n  t h e  f o r m e r  c a s e  t h e  
a r e a  o f  t h e  sum p e a k  was  a b o u t  1 .6% o f  t h a t  o f  t h e  p h o t o p e a l c  a t  1 .3 3 2  MeV 
w h i l s t  t h e  sum p e a k  o f  t h e  l a t t e r  was  a b o u t  10% o f  t h e  p h o t o p e a l c  a t  1 . 2 7 5  MeV. 
T h i s  e f f e c t  w o u l d  b e  n e g l i g i b l e  i f  t h e  s o u r c e  was  some d i s t a n c e  f r o m  t h e  
d e t e c t o r  b u t  i t  was  n e c e s s a r y  t o  c a l c u l a t e  t h e  e f f i c i e n c y  f o r  t h e  2 tt g e o m e t r y  
i n  o r d e r  t o  c a l c u l a t e  t h e  a c t i v i t y  o f  t h e  t h r e s h o l d  f o i l s  as  o u t l i n e d  i n  
s e c t i o n  4 , 2 , 1 .
F i g u r e  5 . 1 2  was  o b t a i n e d  b y  f i t t i n g  t h e  d a t a  p o i n t s  t o  a f u n c t i o n  o f  
t h e  f o r m  e = AE p x  b y  t h e  m e th o d  o f  l e a s t  s q u a r e s .
F i g u r e  5 . 1 3  shows t h e  v a r i a t i o n  o f  p h o t o p e a k  e f f i c i e n c y  w i t h  e n e r g y  
f o r  t h e  3 "  x 3 "  and t h e  5 n b y  5 M N a l ( T l )  d e t e c t o r s  f o r  s o u r c e s  a t  a d i s t a n c e  
o f  25 cm f r o m  t h e  f r o n t  f a c e  o f  t h e  d e t e c t o r  a l o n g  t h e  c e n t r a l  a x i s .
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F i g u r e  5 . 1 2  The  v a r i a t i o n  o f  p h o t o p e a l c  e f f i c i e n c y  w i t h  e n e r g y  f o r  t h e  
G e ( L i )  d e t e c t o r .
inorgy k»V
F i g u r e  5 . 1 3  V a r i a t i o n  o f  p j i o t o p e a l c  e f f i c i e n c y  w i t h  e n e r g y  f o r  t h e  .
7 . 5  x 7 . 5  cm and t h e  1 2 . 5  x 1 2 . 5  cm N a l ( T l )  d e t e c t o r s .
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I n  an i n f i n i t e  d i f f u s i o n  n o n - a b s o r b i n g  medium a l l  n e u t r o n s  f i n a l l y  
r e a c h  a s t a t e  o f  t h e r m a l  e q u i l i b r i u m  w i t h  t h e  a t oms o f  t h e  medium.
I n  t h i s  i d e a l  s i t u a t i o n  t h e  v e l o c i t i e s  o f  t h e  n e u t r o n s  c o n f o r m  t o  
t h e  M a x w e l l - B o l t z m a n n  d i s t r i b u t i o n  and t h e  n e u t r o n  d e n s i t y  p e r  u n i t  i n t e r v a l  
o f  v e l o c i t y  i s  g i v e n  b y  ( l a , 7 0 ) :
3
5 .6  Therm a l N e u tro n  F lu x  D is t r ib u t io n s  W ith in  th e  Phantom
n ( v )  = n ch4ir
, » 2 f 2)m
v 2exp
2 ttKT\ y 2KT
( 5 . 1 4 )
w h e r e  n .
th
n ( v ) d v  i s  t h e  t o t a l  n e u t r o n  d e n s i t y  
0
m i s  t h e  n e u t r o n  mass
K i s  t h e  B o l t z m a n n n  c o n s t a n t
T i s  t h e  a b s o l u t e  t e m p e r a t u r e  o f  t h e  med ium.
I n  p r a c t i c e  t h i s  i d e a l  s i t u a t i o n  i s  o n l y  a p p r o x i m a t e d .  T h e  c a p t u r e  
c r o s s - s e c t i o n s  o f t e n  h a v e  a  1/v  d e p e n d e n c e  w h i c h  r e s u l t s  i n  c a p t u r e  b e i n g  
m ore  p r o b a b l e  a t  t h e  l o w e r  e n e r g i e s  w i t h  a  c o n s e q u e n t  " h a r d e n i n g ' 1 o f  t h e  
s p e c t r u m .  On t h e  o t h e r  h a n d ,  t h e  med ium has  f i n i t e  d i m e n s i o n s  and t h e r e  
w i l l  b e  a l e a k a g e  o f  t h e  h i g h e r  e n e r g y  n e u t r o n s  f r o m  t h e  s y s t e m  p r o d u c i n g  
a " s o f t e n i n g "  o f  t h e  s p e c t r u m .
N e v e r t h e l e s s ,  t h e  t h e r m a l  n e u t r o n  f l u x  i s  d e f i n e d  a s :
n ( v ) v  d v  ( 5 , 1 5 )
0
5 . 6 . 1  C o n v e n t i o n a l  t h e r m a l  n e u t r o n  f l u x
The  c o n v e n t i o n a l  t h e r m a l  n e u t r o n  f l u x  i s  d e f i n e d  as t h e  p r o d u c t  o f  
t h e  t o t a l  t h e r m a l  n e u t r o n  d e n s i t y  and t h e  m o s t  p r o b a b l e  n e u t r o n  v e l o c i t y
-  143 -
+ o " n t h v o ( 5 ' 16)
w h e r e  v q = 2200 ms- 1  c o r r e s p o n d i n g  t o  a n e u t r o n  e n e r g y  o f  0 . 0 2 5 3  e V .
The  r e a c t i o n  r a t e  o f  a n y  m a t e r i a l  h a v i n g  a c r o s s - s e c t i o n  w i t h  a 1 /v  
d e p e n d e n c e  can b e  c a l c u l a t e d  e a s i l y  f r o m  a k n o w l e d g e  o f  t h e  c o n v e n t i o n a l  
f l u x  and i t s  own c r o s s - s e c t i o n  a t  0 . 0 2 5 3  eV .  The  r e a c t i o n  r a t e  o f  any  
m a t e r i a l  i r r a d i a t e d  b y  n e u t r o n s  i s :
f o r  a M a x w e llia n  d i s t r i b u t i o n  a t  a te m p e ra tu re  o f  293 .6  K, Thus,
R a j  a ( v ) n ( v )  v  d v  ( 5 . 1 7 )
0
j/But  f o r  a d e t e c t o r  h a v i n g  a c r o s s - s e c t i o n  t h a t  v a r i e s  as  i / v ,
a v
% V0 = a <v ) v i * e ‘ ° ( v ) = ~ ~ ~
S u b s t i t u t i o n  i n  ( 5 . 1 7 )  y i e l d s
R a a v  n . a <J> cr ( 5 . 1 8 )
0 0 th  0 0
5 . 6 . 2  Cadmium r a t i o
The  cadmium r a t i o  i s  d e f i n e d  as t h e  r a t i o  o f  t h e  a c t i v i t y  o f  a b a r e  
d e t e c t o r  t o  th e  a c t i v i t y  o f  t h e  same d e t e c t o r  i r r a d i a t e d  u n d e r  a cadmium 
c o v e r .
Cadmium has  t h e  p r o p e r t y  o f  a c t i n g  as  a f i l t e r  o f  t h e r m a l  n e u t r o n s  
s o  t h a t  t h e  a c t i v i t y  i n d u c e d  u n d e r  c o v e r  ca n  b e  c o n s i d e r e d  t o  b e  due  t o  
e p i t h e r m a l  a c t i v a t i o n .  The  e f f e c t i v e  c u t o f f  e n e r g y  f o r  a cadmium f i l t e r  
i s  d e f i n e d  as  t h e  c u t o f f  e n e r g y  o f  a  p e r f e c t  f i l t e r  t h a t  a l l o w s  t h e  same 
t o t a l  number  o f  a b s o r p t i o n s  i n  a s a m p l e  as t h e  g i v e n  cadmium f i l t e r .  The
-  144 -
cadmium c o n t a i n e r  i n  w h i c h  t h e  d e t e c t o r  i s  p l a c e d ,  t h e  a n g u l a r  d i s t r i b u t i o n
and e n e r g y  s p e c t r u m  o f  t h e  n e u t r o n s  and t h e  sh a p e  and a b s o r p t i o n  c h a r a c t e r i s t i c s
o f  t h e  d e t e c t o r .  H o w e v e r ,  a s s u m in g  an i s o t r o p i c  i n c i d e n t  n e u t r o n  f l u x ,  i t  i s
p o s s i b l e  t o  c a l c u l a t e  t h e  e f f e c t i v w  c u t o f f  e n e r g y  f o r  a p a r t i c u l a r  t h i c k n e s s  
o f  Cd s h i e l d i n g  a 1 / v  a b s o r b e r  ( D a . 5 7 ) .
The  c o n c e p t  o f  c o n v e n t i o n a l  t h e r m a l  n e u t r o n  f l u x  i s  t h e r e f o r e  m o d i f i e d
and d e f i n e d  a s :
^0 = n ( O ’ Ec d ) v 0 ( 5 . 1 9 )
w h e r e  n ( 0 , E c ^ ) i s  t h e  t o t a l  n e u t r o n  d e n s i t y  w i t h  n e u t r o n  e n e r g y  l e s s  th a n
S i n c e
A
R t0t
e f f e c t i v e  c u t o f f  ene rgy  is  a f u n c t io n  o f  the  shape and d im e n s io n s  o f  the
c d  A . 
e p i
(A .  . “  A . )  =  A. . 
t o t  e p i  t o t
' Rcd -^
R  Acd
= A  F , ( 5 . 2 0 )
t o t  cd
Rc d “ 1
w h e r e  F , =  -----
c d  R , 
cd
Thus t h e  a c t i v i t y  i n d u c e d  i n  a  d e t e c t o r ,  i r r a d i a t e d  f o r  a t i m e  t i , b y  
n e u t r o n s  o f  e n e r g y  l e s s  t h a n  E ^  i s  g i v e n  b y :
W e d  ■ Nn ( i  - e > ( 5 -21)
w h e r e  N i s  t h e  number  o f  n u c l e i  i n  t h e  d e t e c t o r  
<j) i s  t h e  mean f l u x  d e n s i t y  i n  t h e  d e t e c t o r .
5 . 6 . 3  F l u x  p e r t u r b a t i o n
I n  o r d e r  t o  c a l c u l a t e  t h e  t h e r m a l  n e u t r o n  f l u x  f r o m  t h e  a c t i v i t y  i n d u c e d  
i n  a f o i l  i t  i s  n e c e s s a r y  t o  make c o r r e c t i o n s  f o r  two d i s t i n c t  e f f e c t s .
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F i g u r e  5 . 1 4  F l u x  d e p r e s s i o n  and s e l f - s h i e l d i n g  
p a r a m e t e r s .  4
\ •
a )  S e l f - s h i e l d i n g  o f  t h e  i n t e r n a l  l a y e r s  o f  t h e  f o i l  b y  t h e  o u t e r  l a y e r s .
b )  A b s o r p t i o n  o f  n e u t r o n s  by  t h e  f o i l  w i t h  a c o n s e q u e n t  r e d u c t i o n  o f  f l u x  
i n  t h e  n e i g h b o u r h o o d  o f  t h e  f o i l  due  t o  t h e  f r a c t i o n  o f  t h e  a v a i l a b l e  
n e u t r o n s  w h i c h  i s  l o s t . b y  a b s o r p t i o n  i n  t h e  f o i l .
The  f i r s t  e f f e c t  i s  r e f e r r e d  t o  as s e l f - s h i e l d i n g  and a c o e f f i c i e n t  
o f  s e l f - s h i e l d i n g  can  b e  d e f i n e d  a s :
G -  4 -  ( 5 . 2 2 )
*s
w h e r e  d> i s  t h e  f l u x  a t  t h e  s u r f a c e  o f  t h e  d e t e c t o r  as  shown i n  F i g .  5 . 1 4 .  
s
The  s e c o n d  e f f e c t  i s  t e r m e d  f l u x  d e p r e s s i o n  and t h e  c o e f f i c i e n t  o f  
f l u x  d e p r e s s i o n  i s  d e f i n e d  a s :
<p
H = ( 5 . 2 3 )
0
« * *• 
w h e r e  i s  t h e  f l u x  p r i o r - t o  t h e  i n s e r t i o n  o f  t h e  d e t e c t o r .0 i
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T h e re fo re  th e  t o t a l  f l u x  p e r tu r b a t io n  f a c t o r  i s  g iv e n  b y :
F = GH (5 .2 4 )
0
s u b s t i t u t i o n  i n t o  ( 5 . 2 1 )  y i e l d s :
- A  t .i
( 5 . 2 5 )
B o t h e  was  t h e  f i r s t  t o  c a l c u l a t e  t h e  e f f e c t  o f  f l u x  p e r t u r b a t i o n  
u s i n g  d i f f u s i o n  t h e o r y  a p p l i e d  t o  a d e t e c t o r  i n  t h e  f o r m  o f  a s m a l l  s p h e r e  
( B o . 4 3 ) .  V a r i o u s  w o r k e r s  r e f i n e d  t h e  t h e o r y ,  p a r t i c u l a r l y  T i t t l e  ( T i . 5 1 )  
and t h e  f u l l e s t  e x p o s i t i o n  was  g i v e n  b y  R i t c h i e  and E l d r i d g e  ( R i . 6 0 ) .
T h e s e  two a u t h o r s  u s e d  t h e  o n e - v e l o c i t y  t r a n s p o r t  e q u a t i o n  t o  o b t a i n  
g e n e r a l  e x p r e s s i o n s  f o r  t h e  c o e f f i c i e n t s  H and G i n  f i n i t e  d i s c  s h a p e d  f o i l s .  
Thus H ca n  b e  c a l c u l a t e d  f r o m  t h e  e x p r e s s i o n :
w h e r e  x  i s  t h e  mean t h i c k n e s s  o f  t h e  s a m p l e  i n  u n i t s  o f  n e u t r o n  mean f r e e
H
1
( 5 . 2 6 )
E
1 +g x  ”  G
p a t h  i n  t h e  f o i l  m a t e r i a l ,  = 2 a
w h e r e  E i s  t h e  t o t a l  m a c r o s c o p i c  c r o s s - s e c t i o n  o f  t h e  f o i l  and a = —  
w h e r e  S i s  t h e  s u r f a c e  a r e a  o f  t h e  s a m p l e  and v  t h e  v o l u m e .
E^ i s  t h e  m a c r o s c o p i c  c a p t u r e  c r o s s - s e c t i o n  o f  t h e  f o i l .
g it L7T A
t
(5 .2 7 )
where r  i s  th e  ra d iu s  o f  th e  f o i l
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A i s  t h e  t r a n s p o r t  mean f r e e  p a t h  i n  t h e  medium s u r r o u n d i n g  t h e  
f o i l    -1— —  ( F I . 5 9 )
w h e r e  £ s i s  t h e  m a c r o s c o p i c  s c a t t e r i n g  c r o s s - s e c t i o n  i n  t h e  medium s u r r o u n d i n g  
t h e  f o i l .
p Q i s  t h e  a v e r a g e  v a l u e  o f  t h e  c o s i n e  o f  t h e  s c a t t e r i n g  a n g l e  i n  t h e  
l a b o r a t o r y  s y s t e m  w h i c h ,  u n d e r  t h e  a s s u m p t i o n  o f  i s o t r o p i c  
s c a t t e r i n g  i n  t h e  c m s , e q u a l s  2/3 A " 1 , w h e r e  A  i s  t h e  mass n um ber .
F o r  a m i x t u r e  o r  a compound p = E c . p  .0 l  i  oi
£ l ( E )
where ci = r w
XmA
l2 - --■‘Vr ; (5-28)
t r1*
mA
c '
w h e r e  mAc i s  t h e  c a p t u r e  mean f r e e  p a t h  i n  t h e  medium s u r r o u n d i n g  
t h e  f o i l .
2 r
K i s  a f u n c t i o n  w h i c h  can  b e  e v a l u a t e d  u s i n g  t h e  v a l u e s  -r— and y .
A t
w h e r e  y  i s  t h e  r a t i o  o f  t h e  s c a t t e r i n g  m a c r o s c o p i c  c r o s s - s e c t i o n  t o  t h e  
t o t a l  m a c r o s c o p i c  c r o s s - s e c t i o n  i n  t h e  medium s u r r o u n d i n g  th e  
d e t e c t o r .
The  c o e f f i c i e n t  o f  s e l f - s h i e l d i n g ,  G,  ca n  b e  c a l c u l a t e d  d i r e c t l y  f r o m  
a k n o w l e d g e  o f  x  u s i n g  B o t h e ' s  f o i ' m u l a t i o n  ( S o . 6 0 ) .
The  a c c u r a c y  o f  t h e  t h e o r y  h a s  be en c h e c k e d  b y  K l e n a  and R i t c h i e  f o r  
g o l d  and i n d i u m  f o i l s  i n  g r a p h i t e  and b y  S p e r n o l  e t  a l .  f o r  c o b a l t  f o i l s  
i n  g r a p h i t e  and p a r a f f i n  wa x  ( K 1 . 5 2 ,  S p . 6 8 ) .
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A l t h o u g h  238P u -B e  n e u t r o n  s o u r c e s  a r e  p r e s e n t l y  u n o b t a i n a b l e  i n  t h i s  c ou n ­
t r y  a s o u r c e  was  b o r r o w e d  f o r  a s h o r t  p e r i o d  o f  t i m e  f r o m  t h e  R a d i o c h e m i c a l  
C e n t r e ,  Amersham.  I t  was  t h e r e f o r e  t h o u g h t  w o r t h w h i l e  t o  c om p are  t h e  r e l a t i v e  
u n i f o r m i t y  o f  t h e r m a l  n e u t r o n  f l u x  o b t a i n e d  w i t h  238P u - B e  s o u r c e  and a 
2l+1Am-Be n e u t r o n  s o u r c e .
F i g .  5 . 1 5  shows t h e  l a t e r a l  v a r i a t i o n  o f  t h e r m a l  n e u t r o n  f l u x  a t  a 
d e p t h  o f  3 cm i n  t h e  r e c t a n g u l a r  ph an to m  f o r  a 5 C i  238P u - B e  n e u t r o n  s o u r c e .  
ii G o l d  f o i l s ,  1 cm d i a m e t e r ,  8 . 6  x 10“ 3 i n c h e s  t h i c k  and o f  a b o u t  80 mg mass
w e r e  u s e d  and t h e  m e a s u r e m e n t s  u n d e r  cadmium w e r e  made u s i n g  cadmium b o x e s
I I  2 3 . 1  x 10“ 3 i n c h e s  t h i c k .  The  a c t i v i t y  i n d u c e d  i n  t h e  f o i l s  was  c a l c u l a t e d
b y  c o u n t i n g  t h e  412 lceV y ~ r a y  f r o m  t h e  d e c a y  o f  198Au ( x ,  = 2 . 6 9 7 d )  w i t h  a
2
.'/ G e ( L i )  d e t e c t o r .  The f l u x  p e r t u r b a t i o n  f a c t o r  was  c a l c u l a t e d  u s i n g  t h e/ / i r
t h e o r y  o f  R i t c h i e  and E l d r i d g e  as  o u t l i n e d  a b o v e .
The cadmium r a t i o  was  c a l c u l a t e d  f r o m  t h e  r a t i o  o f  t h e  a c t i v i t i e s  i n
t h e  b a r e  f o i l  c o v e r e d  b y  cadmium so  t h a t  n o  e r r o r  was  i n t r o d u c e d  due t o  a
s y s t e m a t i c  u n c e r t a i n t y  i n  t h e  d e t e c t i o n  e f f i c i e n c y  o f  t h e  G e ( L i )  d e t e c t o r .
The  cadmium r a t i o  v a r i a t i o n  a t  t h e  same d e p t h  i n  t h e  phan tom  i s  shown 
i n  F i g .  5 . 1 6 ,
I n  F i g ,  5 . 1 7  t h e  v a r i a t i o n  o f  t h e r m a l  n e u t r o n  f l u x  and cadmium r a t i o
w i t h  d e p t h  i s  shown .  The  m e a s u r e m e n t s  w e r e  made w i t h  i n d i u m  f o i l s ,  13 mm i n
d i a m e t e r ,  32 x 10“ 3 i n c h e s  t h i c k  and w e i g h i n g  a p p r o x i m a t e l y  670 m gm. The  
m e a s u r e m e n t s  u n d e r  cadmium w e r e  made u s i n g  Cd b o x e s  41 x 10” 3 i n c h e s  t h i c k .
The  t h i c k n e s s e s  o f  t h e  Cd b o x e s  u s e d  f o r  t h e  g o l d  and t h e  i n d i u m  f o i l s  w e r e  
su ch  t h a t  n o  c o r r e c t i o n  h a d  t o  b e  made t o  a c c o u n t  f o r  a t t e n u a t i o n  o f  e p i c a d -  
mium n e u t r o n s  ( M a . 5 5 ) .
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-  x eras + x cmB
Figure 5-. 15 Lateral variation of thermal neutron flux at a depth of 3 cm in the phantom irradiated b;- 
a 5 Ci 236Pu-Be neutron source with premoderator between che source and the phantom.
-  x cm + x cm
Figure 5 \ lb  Cadmium Ratio at a depth of 3 eras in the phantom irradiated by a 5 Ci • 3bl*u 
source with preraoderacor between the source and the phantom.
-  150 -
The  a c t i v i t y  i n d u c e d  i n  t h e  i n d i u m  f o i l s  was  c a l c u l a t e d  b y  c o u n t i n g  
t h e  1293 k e V  y - r a y  f r o m  t h e  d e c a y  o f  118mI n ( T |  = 54 m ) .  The  r e l a t i v e l y  s h o r t  
h a l f - l i f e  o f  116m I n  c o m p a r e d  t o  198Au f a v o u r s  t h e  u s e  o f  t h i s  i s o t o p e  as  a 
r e l a t i v e l y  q u i c k e r  m e th o d  o f  d e t e r m i n i n g  t h e r m a l  n e u t r o n  f l u x .  H ow eve r^  t h e  
m e a s u r e m e n t s  w i t h  t h e  g o l d  f o i l s  e n a b l e d  a c h e c k  t o  b e  made o f  t h e  c a l c u l a t e d  
f l u x  p e r t u r b a t i o n  f a c t o r s  b y  c o m p a r i s o n  o f  t h e  f l u x  e s t i m a t e d  a t  a p o i n t  
u s i n g  t h e  two  d i f f e r e n t  m a t e r i a l s .
The  l a t e r a l  v a r i a t i o n  o f  t h e r m a l  n e u t r o n  f l u x  a t  a d e p t h  o f  3 cm f o r  
a 5 C i  2 l f l ^ m- g e n e u t r o n  s o u r c e  i s  shown i n  F i g .  5 . 1 8 .  C o m p a r i s o n  w i t h  F i g .
5 . 1 5  r e v e a l s  t h a t  t h e  t h e r m a l  f l u x  and t h e r m a l  f l u x  p r o f i l e  a r e  e s s e n t i a l l y  
s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  t h e  238P u - B e  s o u r c e .  H o w e v e r ,  t h e  l a t e r a l  
d e c r e a s e  i n  f l u x  i s  l e s s  i n  t h e  c a s e  o f  2,+ 1Am-Be , w h e r e  t h e  f u l l - w i d t h  a t  
h a l f  maximum o f  t h e  t h e r m a l  f l u e n c e  i s  17 c m , t h a n  i n  t h e  c a s e  o f  238P u - B e  
w h e r e  t h e  FWHM i s  12 cm. C o m p a r i s o n  w i t h  F i g .  5 . 1 6  shows t h a t  t h e  cadmium 
r a t i o s  a r e  a l m o s t  c o n s t a n t  a l o n g  t h e  x - a x i s  i n d i c a t i n g  t h a t  t h e  r a t i o  o f  
e p i c a d m iu m  t o  t h e r m a l  f l u x  i s  a l m o s t  c o n s t a n t .  The  v a l u e s  o f  cadmium r a t i o  a r e  
o f  c o u r s e  d i f f e r e n t  i n  F i g s ,  5 . 1 6  an d  5 . 1 8  as t h e y  r e f e r  t o  g o l d  and i n d i u m  
r e s p e c t i v e l y .
The  m e a s u r e m e n t s  shown i n  F i g s .  5 . 1 5  t o  5 . 1 8  w e r e  made w i t h  a  p a r t i c u l a r  
a r r a n g e m e n t  o f  p r e m o d e r a t o r  b e t w e e n  t h e  s o u r c e  and t h e  p h a n t o m .  F o l l o w i n g  
t h e  s u g g e s t i o n  o f  V a r t s k y  and T ho m a s ,  i t  was  d e c i d e d  t o  i n v e s t i g a t e  t h e  e f f e c t  
upon t h e  u n i f o r m i t y  o f  t h e r m a l  n e u t r o n  f l u e n c e  o f  p l a c i n g  a t h i n  s h e e t  o f  
cadmium i n  t h e  p r e m o d e r a t o r .  The  p r e m o d e r a t o r  c o n s i s t e d  o f  a s a n d w i c h  
c o m p r i s i n g  a p e r s p e x  s h e e t  0 . 7 5  i n c h e s  t h i c k ,  a cadmium s h e e t  59 x 10”  3 i n c h e s  
t h i c k  and a l e a d  s h e e t  0 . 2  i n c h e s  t h i c k .
F i g .  5 . 1 9  shows t h e  l a t e r a l  v a r i a t i o n  o f  t h e r m a l  n e u t r o n  f l u x  f o r  a 
2 4 1Am-Be s o u r c e  w i t h  t h e  p r e m o d e r a t o r  a r r a n g e m e n t  r e m o v e d .  C o m p a r i s o n  w i t h
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Figure 5.1^ TUe variation of thermal neucron flux and cadmium ratio with 
depth in the phantom irradiated by a 5 Ci 236Pu-Be neucron 
source with premoderator between the source and the phantom.
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Figure 5.1$: Lateral variation of thermal neucron flux and cadmium ratio at a depth of 3 cm in the phantom
irradiated by a 5 Ci 2** *Axn-Be neutron source with premoderator between the source and the phantom.
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Figure S.lfl Lateral variation of thermal neutron flux at a depth of 3 etas in the phantoe irradiated by a 5 Ci -“‘Arj-JJe 
neutron source without any preueoderacor between the source and tin phantora.
\2 10 6 6 k 2 0 2 4 6 B 10 ».
- % css t x CBS
figure . 5QDLateral variation of cadadun ratio at a depth of 3 ch in the phantasa irradiated by a 5 Ci '** ‘Ao-fie neutr«»r 
source without any preiaoUsrator between the source end the phanton.
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Figure 5.2.1 Variation of thermal neutron flux and cadmium ratio will) dopt i 
in the phantom irradiated by a 5 Ci 2t,!Am~Be neutron source 
without premoderator between the source and the phantom.
F i g .  5 . 1 8  i n d i c a t e s  t h a t  t h e  f l u x  e x h i b i t s  t h e  same f a l l - o f f  t r a n s v e r s e l y ,
FWHM e q u a l  t o  19 cm. The  f l u x  i s  s l i g h t l y  h i g h e r  t h a n  t h a t  o b t a i n e d  w i t h  
t h e  p r e m o d e r a t o r  i n  p o s i t i o n  b u t  t h i s  i s  due  t o  t h e  p h a n t o m  b e i n g  n e a r e r  
t o  t h e  s o u r c e  b y  a  d i s t a n c e  e q u a l  t o  t h e  t o t a l  p r e m o d e r a t o r  t h i c k n e s s .
The  cadmium r a t i o  i n  t h e  c e n t r a l  p o s i t i o n  as shown i n  F i g .  5 . 2 0  i s  t h e  
same as  t h a t  shown i n  F i g ,  5 . 1 8  b u t  t h e  cadmium r a t i o  a t  x  =  ±  10 cm i s  h i g h e r  
i n d i c a t i n g  t h a t  t h e  r a t i o  o f  e p i c a d m i u m  t o  t h e r m a l  f l u x  i s  l o w e r .
The  p a r t i c u l a r  a r r a n g e m e n t  o f  p r e m o d e r a t o r  u s e d  d i d  n o t  t h e r e f o r e  a l t e r  
t h e  t h e r m a l  n e u t r o n  f l u x  p r o f i l e  b u t  i t  d i d  r e d u c e  t h e  p r o p o r t i o n  o f  e p i ­
cadmium n e u t r o n s  a t  l a t e r a l  d i s t a n c e s .
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I n  F i g .  5 . 2 1  t h e  t h e r m a l  n e u t r o n  f l u x  v a r i a t i o n  w i t h  d e p t h  i n  t h e  
ph an tom  i s  shown.  A c o m p a r i s o n  w i t h  F i g .  5 . 1 7  i n d i c a t e s  t h a t  t h e  
d i m i n u t i o n  o f  t h e r m a l  n e u t r o n  f l u x  w i t h  d e p t h  i s  t h e  same i n  b o t h  c a s e s .  
H o w e v e r ^ t h e  v a l u e s  o f  cadmium r a t i o  a t  d e p t h  a r e  s l i g h t l y  l o w e r  i n  th e  
c a s e  o f  th e  2 l t lAm-Be s o u r c e .  T h i s  i m p l i e s  t h a t  t h e r e  i s  a r e l a t i v e l y  
l a r g e r  p r o p o r t i o n  o f  e p i c a d m i u m  t o  t h e r m a l  n e u t r o n s  a t  d e p t h  i n  t h e  c a s e  
w h e r e  2 l f l Am-Be i s  t h e  s o u r c e  u s e d .  T h i s  i s  t o  b e  e x p e c t e d  due t o  t h e  mean 
n e u t r o n  e n e r g y  b e i n g  s l i g h t l y  h i g h e r  f o r  2 t t lAm-Be th an  i t  i s  f o r  238P u - B e .
5.  7 N e u t r o n  and Gamma Ray  D ose  R a t e s
The  v a r i a t i o n  o f  gamma d o s e  r a t e  t h r o u g h o u t  t h e  p h an tom  was i n v e s t i g a t e d  
b y  means o f  a c a l i b r a t e d  Q e i g e r - M i i l l e r  t u b e .
The  ZP1300 g e i g e r - m u l l e r  t u b e ,  m a n u f a c t u r e d  b y  M u l l a r d ,  was c h o s e n  
as t h i s  m o d e l  i s  u s e d  r o u t i n e l y  b y  t h e  MRC c y c l o t r o n  g r o u p  i n  m e a s u r i n g  
n e u t r o n  and gamma r a y  d o s e s  i n  a m i x e d  f i e l d .  I t  has  an 8 mm a c t i v e  l e n g t h  
and a s p e c i a l  f i l t e r  a s s e m b l y ,  d e s i g n e d  b y  A E E , W i n f r i t h ,  w h i c h  g i v e s  a 
u n i f o r m  r e s p o n s e  p e r  r a d  o v e r  a w i d e  e n e r g y  r a n g e  ( M u . 7 7 ) .
\9
The  n e u t r o n  s e n s i t i v i t y  o f  t h e xg e i g e r  t u b e  was  d e t e r m i n e d  u s i n g  a l e a d
s.
a t t e n u a t i o n  m e t h o d  and was  f o u n d  t o  b e  ( 7 . 4  ± 0 . 7 )  *  10“  3 ( H o .  7 7 ) .
C a l i b r a t i o n  a g a i n s t  a  s t a n d a r d  68Co s o u r c e  y i e l d e d  a s e n s i t i v i t y  o f  
( 1 . 3 1  ±  . 0 4 )  x 106 c o u n t s  r a d ” 1 . T he  d e a d  t i m e  was  f o u n d  t o  b e  12 ps u s i n g  
t h e  t w i n  s o u r c e  t e c h n i q u e  (E m . 6 6 ) .
F i g u r e s  5 . 2 2  and 5 . 2 3  show t h e  l a t e r a l  v a r i a t i o n  o f  gamma d o s e  r a t e  
and t h e  c e n t r a l  a x i s  d e p t h  d o s e  r a t e  r e s p e c t i v e l y  when  t h e  p h a n to m  i s  
i r r a d i a t e d  b y  a 5 C i  238P u - B e  s o u r c e .
.il) 
.Jifi 
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F i g u r e  S . '2.1: L a t e r a l  v a r i a t i o n  o f  gamroa d on e  r a t e  a t  n d e p t h  o f  6 cms i n  th e  p h a n t o m  i r r a d i a t e d  b y  a 5 C:  
238P u - B e  n e u t r o n  s o u r c e .
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Figure 523: Variation of gairena ciose rate with depth in the
phantom irradiated by a 5 Ci 23BPu-Be neutron 
source.
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F i g u r e s  5.24 and 5.25 g i v e  a n a l o g o u s  d o s e  r a t e s  when t h e  pha n tom
i s  i r r a d i a t e d  b y  a 5 C i  2 t f lAm-Be s o u r c e .  The  gamma d o s e  r a t e s  o b t a i n e d  w i t h
t h e  2 l f l Am-Be s o u r c e  a r e  a p p r o x i m a t e l y  t w i c e  as b i g  as  t h o s e  o b t a i n e d  w i t h  
th e  238P u -B e  s o u r c e  a t  t h e  same p o s i t i o n s  i n  t h e  p h a n t o m s .
I t  was  o r i g i n a l l y  i n t e n d e d  t o  m e a s u r e  t h e  c o m p o n e n t  d o s e s  due t o
n e u t r o n s  and gamma r a y s  b y  means o f  t h e  p a i r e d  i o n i z a t i o n  cha m b e r  t e c h n i q u e .
H o w e v e r ; a p r e l i m i n a r y  m e a s u r e m e n t  o f  t h e  n e u t r o n  d o s e  u s i n g  a f i l m  b a d g e  
show ed  t h a t  t h e  n e u t r o n  d o s e  r a t e  was  t o o  l o w  t o  e n a b l e  i t  t o  b e  a c c u r a t e l y  
m e a s u r e d  b y  means o f  a t i s s u e  e q u i v a l e n t  chamber  w i t h  a s e n s i t i v i t y  o f  t h e  
o r d e r  o f  3 x 10~8 c o u l o m b s  G r a y - 1 . T h i s  i s  due t o  a c o m b i n a t i o n  o f  l e a k a g e  
c u r r e n t  e f f e c t s  and i n s t a b i l i t y  o v e r  t h e  l e n g t h  o f  t i m e  n e c e s s a r y  f o r  a 
m e a s u r e m e n t  t o  b e  made .
T h e r e f o r e  t h e  n e u t r o n  and gamma r a y  d o s e  r a t e s  i n  t h e  p h an tom  w e r e  
m e a s u r e d  u s i n g  f i l m  b a d g e s .  T h e s e  d o s e  r a t e s  a r e  shown i n  T a b l e  5.2 f o r  
| t h e  c a s e  o f  no  p r e m o d e r a t o r  b u t  w h e r e  a s h e e t  o f  l e a d ,  5 cm t h i c k ,  i s  
\ p l a c e d  b e t w e e n  t h e  s o u r c e  and t h e  p h a n to m .  The  s h e e t  h as  a s q u a r e  a p e r t u r e  
(1 2 .5  x 12.5 cm) w h o s e  c e n t r e  l i e s  on t h e  z  a x i s .  T h i s  s h i e l d  r e d u c e s  t h e  
b a c k g r o u n d  c o u n t i n g  r a t e  i n  t h e  d e t e c t o r  and i n  t h e  c a s e  o f  a p a r t i a l  b o d y  
m e a s u r e m e n t  i t  w o u l d  r e d u c e  t h e  d o s e  r a t e  t o  t h o s e  p a r t s  o f  t h e  b o d y  w h i c h  
a r e  some d i s t a n c e  f r o m  t h e  s i t e  o f  i n t e r e s t .
T a b l e  5 . 2  D o s e  r a t e s  i n  t h e  phan tom
P o s i t i o n
F a s t  n e u t r o n  
d o s e  r a t e  S v  h r -1
T h e r m a l  n e u t r o n  
d o s e  r a t e  Sv  h r -1
y  d o s e  r a t e  
Gy h r -1
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Figure ET.lLf. Lateral variation of gamma dose rate at a depth of 6 cms in the phantom irradiated by a 5 Ci 
2MlAni-Be neutron source.
F i g u r e  5 * 2 . 5  : V a r i a t i o n  o f  gamma d o a e  r a t e  w i t h  d e p t h  i n  th e  p h a n t o m  i r r a d i a t e d
b y  a  5 C i  2**1A m -B e  n e u t r o n  s o u r c e .
-  158 -
CHAPTER 6
PROMPT AND DELAY GAMMA RAY MEASUREMENTS AND CYCLIC A C T IV A T IO N
6 • 1 A n a l y s i s  U s i n g  P r o m p t  y - r a y s
6 . 1 . 1  Low e n e r g y  r e g i o n  ( 0 . 4 - 2 . 2  MeV)
The  m u l t i - c h a n n e l  a n a l y s e r  s y s t e m  a v a i l a b l e  h ad  o n l y  1000 c h a n n e l s  
and s o  i t  was n e c e s s a r y  t o  d i v i d e  t h e  t o t a l  e n e r g y  r e g i o n  o f  i n t e r e s t ,
0 - 1 0  MeV,  i n t o  s m a l l e r  i n t e r v a l s .  F i g u r e  6 . 1  shows a p r o m p t  y - r a y  s p e c t r u m  
i n  t h e  e n e r g y  r e g i o n  0 , 4 - 2 . 2  MeV w i t h  a c a l i b r a t i o n  o f  t h e  o r d e r  o f  1 . 8  lceV 
p e r  c h a n n e l .
The  s p e c t r u m  was c o l l e c t e d  b y  i r r a d i a t i n g  t h e  p h a n to m  c o n t a i n i n g  a 
s o l u t i o n  o f  cadmium n i t r a t e  and s o d iu m  c h l o r i d e .
T h e  G e ( L i )  was  p o s i t i o n e d  as shown i n  f i g u r e  5 . 6  w i t h  i t s  a x i s
p e r p e n d i c u l a r  t o  t h e  z  a x i s  and w i t h  i t s  f a c e  a  d i s t a n c e  o f  13 cm f r o m  t h e
s u r f a c e  o f  t h e  p h a n to m .
I t  ca n  b e  s e e n  f r o m  f i g u r e  6 . 1  t h a t  p e a k  number  1 h a s  a  g r e a t e r  w i d t h  
t h a n  any  o f  t h e  o t h e r  p e a k s .  T h i s  478 lceV y - r a y  r e s u l t s  f r o m  t h e  p r o m p t  
d e - e x c i t a t i o n  o f  7L i  f o l l o w i n g  t h e  10B ( n , c t ) 7L i  r e a c t i o n  and i t  i s  D o p p l e r
b r o a d e n e d  due  t o  t h e  r e c o i l  o f  t h e  7L i  n u c l e u s .  I t  i s  e v i d e n c e  o f  t h e
e f f e c t i v e n e s s  o f  t h e  b o r o n ,  p l a c e d  l a t e r a l l y  t o  t h e  n e u t r o n  s o u r c e ,  i n
s h i e l d i n g  t h e  d e t e c t o r  f r o m  n e u t r o n s .  P e a k  number  3 ,  t h e  a n n i h i l a t i o n  y - r a y  
p h o t o p e a k ,  c a n  be  s e e n  t o  b e  v e r y  i n t e n s e  and as  a c o n s e q u e n c e  o f  t h i s ,  and 
t h e  r e l a t i v e l y  h i g h  i n t e n s i t y  o f  t h e  478 lceV p e a k  due t o  b o r o n ,  t h e  b a c k g r o u n d  
c o n t i n u u m  a t  l o w e r  e n e r g i e s  i s  v e r y  h i g h .
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28
Gc(li) Detector
No Energy Element No Energy Element1 • 478 B 18 681
2 500 Ge, 8 19 897 Pb(n,n‘T)
3 511 Annihilation 20 961
4 538 Li 21 1014 Al
S 559 Cd 22 1062570 207m pj, 23 1094 Ge
7 5B2 F 24 1164 Cl
8 596 Ge 25 1199 H(d.e)
9 606 Ge 26 1362 Cd
10 651 Cd 27 1462
11 694 Gefn.n'y) 28 1591 Pb(d.e)
12 707 Cd,Li,F 29 1598 Al.Cl.Ge
13 724 * Cd 30 1709 H(S.e)
14 786 Cl 31 1951 Cl
15 803 32 1958 Cl
16 84 2
17 868 Ge 30
J20 040 ENERGY 1060 LeV 1S20 I960
FlCr. (o. I '• Prompt gamma ray spectrum from a phantom containing 445 p.p.m of Cd and 13000 p.p.m. of Cl.
T, » T » 16O0s
FlO.L.TCadmi ura, 559 KeV prompt gamma ray, Ti ■* Tc *= 1800s
C adm ium  c o n c e n t r a t i o n  p . p .
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The 538 meV y - r a y  ( p e a k  4 )  can  b e  a t t r i b u t e d  t o  r a d i a t i v e  c a p t u r e  
i n  t h e  l i t h i u m  o f  t h e  l i t h i u m f l u o r i . d e  s h i e l d i n g  t h e  d e t e c t o r  f r o m  s c a t t e r e d  
n e u t r o n s .
I t  can b e  s e e n  t h a t  t h e  cadmium p e a k  a t  559 k eV  i s  w e l l  r e s o l v e d
f r o m  th e  a n n i h i l a t i o n  p h o t o p e a l c  and t h e  p h o t o p e a l c  o f  207mPb ( t a = 0 . 8 s )
2
a t  570 lceV. Th e  d e t e c t o r  i s  s u f f i c i e n t l y  s h i e l d e d  t o  p r e v e n t  any  p r o d u c t i o n  
o f  565 lceV y - r a y s  r e s u l t i n g  f r o m  t h e  d e - e x c i t a t i o n  o f  t h e  f i r s t  e x c i t e d  
s t a t e  o f  76Ge p r o d u c e d  b y  i n e l a s t i c  n e u t r o n  s c a t t e r i n g  i n  t h e  d e t e c t o r .
A number  o f  p h o t o p e a k s  w h i c h  ca n  b e  a t t r i b u t e d  t o  n e u t r o n  c a p t u r e  
o r  s c a t t e r i n g  i n  t h e  g e rm an iu m  o f  t h e  d e t e c t o r  can a l s o  b e  s e e n  i n  t h e  
s p e c t r u m .  The  y - r a y  a t  847 k e V  a r i s e s  f r o m  n e u t r o n  i n e l a s t i c  s c a t t e r i n g  
w i t h  i r o n  i n  t h e  s m a l l  p i e c e  o f  s t e e l  w h i c h  a c t s  as a  s o u r c e  " s t o p "  a t  t h e  
i r r a d i a t i o n  p o s i t i o n .
T h e  s i n g l e  and d o u b l e  e s c a p e  p e a k s  f r o m  t h e  2 . 2 2  MeV y - r a y  r e s u l t i n g  
f r o m  n e u t r o n  r a d i a t i v e  c a p t u r e  i n  h y d r o g e n  ca n  b e  s e e n  t o  b e  v e r y  p r o m i n e n t  
i n  t h e  s p e c t r u m .
T h e r e  a r e  a l s o  t h r e e  p r o m i n e n t  p e a k s  a t  1 16 4 ,  1951 and 1958 k e V  due 
t o  y - r a y s  f r o m  c h l o r i n e  b u t  t h e  l a t t e r  two  p e a k s  s i t  on t h e  co m p ton  e d g e  
o f  t h e  2 . 2 2  MeV h y d r o g e n  y - r a y  and c o n s e q u e n t l y  t h e  s i g n a l  t o  n o i s e  r a t i o  
i s  r e d u c e d .
The  m o s t  i n t e n s e  p r o m p t  y - r a y  f r o m  s o d iu m  o v e r  t h e  e n e r g y  r a n g e  shown
has an e n e r g y  o f  870 k e V  b u t  t h e r e  i s  a l s o  an i n t e n s e  p r o m p t  gamma r a y  f r o m
g e rm a n iu m  a t  t h i s  e n e r g y  s o  t h a t  n o  q u a n t i t a t i v e  a n a l y s i s  o f  s o d i u m  c a n  b e
made u s i n g  t h i s  p h o t o p e a k .  The  m o s t  s e n s i t i v e  y - r a y  l i n e  f o r  d e t e c t i n g  s o d i u m
i s  a t  470 lceV d u e  t o  th e  d e c a y  o f  2tfinW a ( T ,  = 2 x 10“ 2 s )  b u t  i t  i s  swamped b y
2
t h e  y - r a y s  r e s u l t i n g  f r o m  n e u t r o n  c a p t u r e  i n  b o r o n .  H o w e v e r ,  t h i s  p r o b l e m
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c o u l d  b e  o v e r c o m e  i f  a s t r o n g e r  n e u t r o n  s o u r c e  w e r e  a v a i l a b l e  and t h e  
s o u r c e  t o  d e t e c t o r  d i s t a n c e  c o u l d  b e  i n c r e a s e d .  I n  t h i s  c a s e ,  l i t h i u m ,  
w h i c h  has  a much s m a l l e r  m a c r o s c o p i c  c a p t u r e  c r o s s - s e c t i o n  th a n  b o r o n ,  
c o u l d  b e  u s e d  t o  s h i e l d  a g a i n s t  n e u t r o n s ,  A l t e r n a t i v e l y ,  a l a r g e r  s o u r c e  
t o  d e t e c t o r  d i s t a n c e  w o u l d  e n a b l e  e x t r a  l e a d  s h i e l d i n g  t o  b e  p l a c e d  
a ro u n d  t h e  d e t e c t o r  w h i c h  w o u l d  be  s u f f i c i e n t  t o  s c r e e n  t h e  d e t e c t o r  f r o m  
p r o m p t  gamma r a y s  f r o m  b o r o n  i n  t h e  s h i e l d i n g  m a t e r i a l  a r o u n d  t h e  s o u r c e .
H i g h  c o n c e n t r a t i o n s  o f  cadmium and c h l o r i n e  w e r e  u s e d  f o r  i l l u s t r a t i v e  
p u r p o s e s .  The  s o f t  t i s s u e  c o n c e n t r a t i o n s  o f  s od iu m  and  c h l o r i n e  a r e  1130 ppm 
and 1350 ppm r e s p e c t i v e l y  ( I C R P . 2 3 )  w h e r e a s  " n o r m a l "  l i v e r  c o n t a i n s  1 - 5  ppm 
o f  cadmium and " n o r m a l "  k i d n e y  1 0 - 3 0  ppm.
T h e r e f o r e  f o r  r e a l i s t i c  e x p e r i m e n t s  t h e  c o n c e n t r a t i o n s  w e r e  r e d u c e d .  
F i g u r e  6 . 2  shows t h e  v a r i a t i o n  o f  t h e  p h o t o p e a l c  c o u n t s  f o r  t h e  559 lceV y - r a y  
o f  cadmium v e r s u s  t h e  cadmium c o n c e n t r a t i o n -  i n  t h e  p h a n to m .  The  d e t e c t i o n  
l i m i t  ( p h o t o p e a l c  c o u n t s  e q u a l  t o  t w i c e  t h e  s t a n d a r d  e r r o r  o f  t h e  b a c k g r o u n d  
c o u n t s )  i s  6 ppm.
S i m i l a r  r e d u c t i o n  o f  t h e  c h l o r i d e  c o n c e n t r a t i o n  y i e l d e d  a d e t e c t i o n  
l i m i t  o f  250 ppm u s i n g  t h e  1164 k e V  y - r a y  f r o m  c h l o r i n e .
6 . 1 . 2  H i g h  e n e r g y  r e g i o n  ( >  2 . 2  MeV)
The  p r o m p t  y - r a y  s p e c t r u m ,  r e s u l t i n g  f r o m  i r r a d i a t i o n  o f  t h e  p h a n to m  
c o n t a i n i n g  a s o l u t i o n  o f  s o d iu m  c h l o r i d e ,  o v e r  a r e g i o n  o f  h i g h e r  e n e r g y ,  
i s  shown i n  f i g u r e  6 . 3 .  A t  h i g h e r  y - r a y  e n e r g i e s  t h e r e  i s  an i n c r e a s e d  
p r o b a b i l i t y  o f  a y - r a y  d e p o s i t i n g  e n e r g y  i n  t h e  d e t e c t o r  m a t e r i a l  by  t h e  
p r o c e s s  o f  p a i r  p r o d u c t i o n .  T h e  s u b s e q u e n t  a n n i h i l a t i o n  o f  t h e  p a i r  may 
r e s u l t  i n  o n e  o r  b o t h  o f  t h e  a n n i h i l a t i o n  q u a n t a  e s c a p i n g  f r o m  t h e  d e t e c t o r .
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F l &  6 . 3  '■ Prompt gamma ray spectrum of a phantom containing 1600 p.p.m of Chlorine and 1000 p.p.m of Sodium. 
1. * Tc * 7200s
F|& 6 -U*!Prompt gamma ray spectrum from a vial of volume equal tc 120 ccs containing.23g cc 1 of Calcium and 
,12g cc-1 of Phosphorus at a depth of IS cm in a water phantom. T, « Tc * 16 hours
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I f  one  o f  t h e  a n n i h i l a t i o n  q u a n t a  e s c a p e s , th e n  t h e  e n e r g y  d e p o s i t e d  i n  
t h e  c r y s t a l  w i l l  b e  511 k e V  l e s s  th a n  t h e  t o t a l  e n e r g y  o f  t h e  i n c i d e n t  
y - r a y  and i f  b o t h  q u a n t a  e s c a p e , t h e  e n e r g y  d e p o s i t e d  w i l l  b e  1022 lceV 
l e s s  tha n  t h e  e n e r g y  o f  t h e  i n c i d e n t  y - r a y .  T h e r e f o r e  t h e  p e a k s  o b s e r v e d  
a r e  t e r m e d  s i n g l e  and d o u b l e  e s c a p e  p e a k s  r e s p e c t i v e l y .  S i n g l e  and d o u b l e  
e s c a p e  p e a k s  f o r  b o t h  c h l o r i n e  and g e rm a n iu m  can  b e  s e e n  i n  t h e  s p e c t r u m .
F o r  c h l o r i n e ^ t f i e b e s t  s i g n a l  t o  n o i s e  r a t i o  was o b t a i n e d  u s i n g  t h e  
5089 k e V  d o u b l e  e s c a p e  p e a k .  The  d e t e c t i o n  l i m i t  f o r  an i r r a d i a t i o n  t i m e  
o f  1800s was  f o u n d  t o  b e  160 p p m , w h i c h  i s  l e s s  th a n  t h e  d e t e c t i o n  l i m i t  
o b t a i n e d  u s i n g  t h e  m o s t  s e n s i t i v e  r e l a t i v e l y  l o w  e n e r g y  p h o t o p e a l c  a t  
1164 lceV.
The  m o s t  i n t e n s e  h i g h  e n e r g y  y - r a y  f r o m  s o d iu m  ha s  an e n e r g y  o f  6395 
lceV b u t  t h e r e  i s  some c o n t r i b u t i o n  t o  t h e  s o d iu m  s i g n a l  f r o m  th e  6389 k eV  
y - r a y  o f  g e rm a n iu m .  When due a l l o w a n c e  was  made f o r  t h e  g e rm an iu m  c o n t r i ­
b u t i o n  ( i . e .  s u b t r a c t i o n  o f  t h e  s i g n a l  o b t a i n e d  w i t h  no  s o d i u m  i n  t h e  
ph a n to m )  t h e  d e t e c t i o n  l i m i t  f o r  s o d i u m  was f o u n d  t o  b e  280  ppm.
F i g u r e  6 . 4  shows t h e  s p e c t r u m  o b t a i n e d  o v e r  a h i g h  e n e r g y  r e g i o n  b y  
i r r a d i a t i n g  a p l a s t i c  v i a l  o f  v o l u m e  120 c c  f i l l e d  w i t h  C a 3P 0 ^ .  T h i s  v o l u m e  
i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  v o l u m e  o f  f i v e  lu m b a r  v e r t e b r a e  ( I C R P . 2 3 ) .
T h e  c a l c i u m  and p h o s p h o r u s  c o n c e n t r a t i o n s  i n  t h e  v i a l  w e r e  0 . 2 3  g cm” 3 and 
0 , 1 2  g  cm” 3 r e s p e c t i v e l y  c o m p a r e d  t o  t h e 'V i o r m a l  v e r t e b r a l "  c o n c e n t r a t i o n s  
o f  0 . 1 4  g cm” 3 and 0 . 1 0  g  cm” 3 ( I C R P . 2 3 ) .  T h e  v i a l  was  p l a c e d  a t  a d e p t h  o f  
4 cm i n  t h e  p han tom  a l o n g  t h e  c e n t r a l  Z a x i s .  Thus t h e  d i s t a n c e  f r o m  t h e  
v i a l  ( i . e .  t h e  c e n t r a l  a x i s )  t o  t h e  f r o n t  f a c e  o f  t h e  G e ( L i )  d e t e c t o r  was  
15 + 13 = 28 cm.
D e s p i t e  t h e  e x t r e m e  l e n g t h  o f  t h e  c o u n t i n g  t i m e ,  t h e  m o s t  i n t e n s e  h i g h  
e n e r g y  y - r a y  f r o m  c a l c i u m  a t  6420  lceV ( p e a k  number  12 )  h a s  a p h o t o p e a l c  c o u n t
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A w e a k  p e a k  w h i c h  can b e  a t t r i b u t e d  t o  p h o s p h o r u s  c a n  b e  s e e n  a t  5706 lceV. 
S p e c t r a  w e r e  a l s o  c o l l e c t e d  o v e r  t h e  same l e n g t h  o f  t i m e  i n  t h e  e n e r g y  
r e g i o n  b e l o w  4 MeV b u t  no  c a l c i u m  o r  p h o s p h o r u s  y - r a y s  w e r e  o b s e r v e d .
6 . 1 . 3  N e u t r o n  i n t e r a c t i o n s  w i t h  t h e  G e ( L i )  d e t e c t o r
I n  f i g u r e  6 . 1  t o  6 . 4  v a r i o u s  p e a k s  can b e  s e e n  due t o  n e u t r o n  c a p t u r e  
and s c a t t e r i n g  e v e n t s  i n  t h e  d e t e c t o r  d e s p i t e  t h e  u s e  o f  s h i e l d i n g  a r o u n d  
t h e  d e t e c t o r .  T h e s e  p e a k s  a r e  l i s t e d  i n  t a b l e  6 . 1 .
I t  i s  known t h a t  n e u t r o n s  c a u s e  damage  t o  G e ( L i )  d e t e c t o r s , w h i c h  
r e s u l t s  i n  a w o r s e n i n g  o f  t h e  e n e r g y  r e s o l u t i o n .  The t h r e s h o l d  t o t a l  n e u t r o n  
e x p o s u r e  f o r  n e u t r o n  i n d u c e d  damage  i s  o f  t h e  o r d e r  o f  1 0 8 n e u t r o n s  ( S p . 7 9 ) .  
T h e r e f o r e } t h e  v a r i o u s  p h o t o p e a k s  due t o  n e u t r o n  i n t e r a c t i o n s  i n  t h e  g e r m a n iu m  
o v e r  t h e  w h o l e  e n e r g y  r a n g e  w e r e  summed t o  c a l c u l a t e  t h e  num ber  o f  n e u t r o n s  
i n t e r a c t i n g  w i t h  t h e  d e t e c t o r .  A  t o t a l  n e u t r o n  e x p o s u r e  t o  t h e  d e t e c t o r  o f  
1 0 8 n e u t r o n s  w o u l d  b e  i n c u r r e d  b y  l e a v i n g  t h e  s o u r c e  i n  t h e  i r r a d i a t i o n  
p o s i t i o n  f o r  t h e  o r d e r  o f  1 0 , 0 0 0  h o u r s .  The  d e t e c t o r  can  b e  l e f t  i n  p o s i t i o n  
i n d e f i n i t e l y  w i t h o u t  i n c u r r i n g  a n y  damage  i f  t h e  s o u r c e  i s  i n  i t s  r e s t i n g  
p o s i t i o n .
6 . 1 . 4  C o m p a r a t i v e  p r e c i s i o n  o f  N a l ( T l )  and G e ( L i )  d e t e c t o r s  f o r  t h e  
d e t e r m i n a t i o n  o f  n i t r o g e n
F i g u r e  6 . 5  shows  t h e  p r o m p t  y - r a y  s p e c t r u m  f r o m  t h e  p h a n to m  c o n t a i n i n g  
4.9% b y  w e i g h t  o f  n i t r o g e n  o b t a i n e d  u s i n g  a G e ( L i )  d e t e c t o r .
I t  can b e  s e e n  t h a t  p e a k s  3 ,  2 and  1 h a v e  a g r e a t e r  w i d t h  th a n  any  o f  
t h e  o t h e r s .  P e a k  number  3 i s  t h e  4 . 4 3 0  MeV y - r a y  f r o m  t h e  f i r s t  e x c i t e d  l e v e l  
o f  12C and p e a k s  2 and 1 a r e  t h e  s i n g l e  and d o u b l e  e s c a p e  p e a k s  r e s p e c t i v e l y .
j u s t  a l i t t l e  g re a te r  than  tw ic e  th e  s ta n d a rd  d e v ia t io n  o f  th e  b a ckg ro u n d ,
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Energy
tneV
y-rays/100 
neutron 
captures
0.175 13
0.596 39
0.609 8.8
0.868 17.5
0.960 5.5
1.100 7.4
1.4 70 2.5
1.940 2.4
5 .450 1.26
5.5 20 1.32
5 .740 0.51
5 .820 1.13
6 .040 1.63
6.120 1.77
6.250 0.62
6.270 0.90
6.390 0.96
6.710 1.80
6.920 1.45
7.260 1.13
Ta.b!e b*h Neutron capture y-raya from Ga
F o l l o w i n g  t h e  9Be ( a pn ) 12C r e a c t i o n  , t h e  c a r b o n  n u c l e u s  w i l l  r e c o i l  w h i c h  
r e s u l t s  i n  t h e  D o p p l e r  b r o a d e n i n g  o f  t h e  e m i t t e d  y - r a y .  T h i s  r e s u l t s  i n  t h e  
e n e r g y  r e g i o n  b e t w e e n  3 . 4  and 4 . 4  MeV b e i n g  c o m p l e t e l y  u n s u i t a b l e  f o r  p r o m p t  
y - r a y  a n a l y s i s ,  as can  b e  s e e n  f r o m  f i g u r e  6 . 5 ,  e x c e p t  f o r  c a s e s  w h e r e  t h e  
d e t e c t o r  can b e  v e r y  w e l l  s h i e l d e d  a g a i n s t  gamma r a y s  f r o m  t h e  n e u t r o n  s o u r c e .
P e a k s  11 and 12 a r e  t h e  d o u b l e  and s i n g l e  e s c a p e  p e a k s  f r o m  t h e  1 0 . 8 2 8  
MeV y - r a y  o f  n i t r o g e n .  U s i n g  t h e  d o u b l e  e s c a p e  p e a k  t h e  d e t e c t i o n  l i m i t  f o r  
n i t r o g e n  i s  1,25% b y  w e i g h t .  The  ICRP  g i v e s  t h e  b o d y  c o n c e n t r a t i o n s  o f
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Fifr. b»S : Prompt gamma ray spectrum from a phantom containing 4.9\ by weight of Nitrogen
T. = T.  * lfiOOs
Fl^. b -t s Prompt gamma ray spectrum from a phantom containing 4,9* by weight of Nitrogen. Tj * Tc “ 1800s
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n i t r o g e n  as  2 .48% b y  w e i g h t  f o r  s o f t  t i s s u e  and 3 .54% b y  w e i g h t  f o r  
m u s c l e .
The  ph an to m  was  i r r a d i a t e d  u n d e r  t h e  same c o n d i t i o n s  b u t  a 3 "  x 3M 
N a l ( T l )  d e t e c t o r  was  s u b s t i t u t e d  f o r  t h e  G e ( L i )  d e t e c t o r .  The  s p e c t r u m  
o b t a i n e d  i s  shown i n  f i g u r e  6 . 6 .  The  p r o t o c o l  e m p l o y e d  b y  H a r r i s o n  and 
M c N e i l  i n  t h e  d e t e r m i n a t i o n  o f  n i t r o g e n  was  a d o p t e d  ( H a . 7 7 ) .  T h i s  c o n s i s t s  
o f  i n t e g r a t i n g  t h e  t o t a l  c o u n t s  i n  t h e  e n e r g y  r e g i o n  9 . 7 - 1 1 . 1  MeV,  w h i c h  
e n c o m p a s s e s  t h e  f u l l ,  s i n g l e  and d o u b l e  e s c a p e  p e a k s  o f  n i t r o g e n ,  and t h e n  
s u b t r a c t i n g  t h e  c o u n t s  o b t a i n e d  i n  t h e  same e n e r g y  r e g i o n  u s i n g  a w a t e r  
p h a n to m .  T h i s  p r o c e d u r e  y i e l d e d  a d e t e c t i o n  l i m i t  f o r  n i t r o g e n  o f  1.2% b y  
w e i g h t .
Th e  s i m i l a r  d e t e c t i o n  l i m i t  f o r  t h e  two  t e c h n i q u e s  s u g g e s t s  t h e  f u r t h e r  
i n v e s t i g a t i o n  o f  t h e  u s e  o f  G e ( L i )  d e t e c t o r s  f o r  th e  d e t e r m i n a t i o n  o f  
n i t r o g e n .  A  m a j o r  p r o b l e m  i n  t h e  d e t e r m i n a t i o n  o f  n i t r o g e n  b y  p r o m p t  y - r a y  
a n a l y s i s  u s i n g  l a r g e  v o l u m e  N a l ( T l )  d e t e c t o r s  i s  t h a t  o f  p u l s e  p i l e - u p  i n  
t h e  e n e r g y  r e g i o n  o f  i n t e r e s t  ( C o . 7 9 ) .
N a l ( T l )  d e t e c t o r s  h a v e  much g r e a t e r  e f f i c i e n c i e s  and c o s t  much l e s s  
th a n  G e ( L i )  d e t e c t o r s .  H o w e v e r ,  t h e  r e l a t i v e l y  n a r r o w  w i d t h  o f  G e ( L i )  
p h o t o p e a l c s  e n s u r e s  t h a t  t h e  a s s o c i a t e d  b a c k g r o u n d s  a r e  much s m a l l e r  and th u s  
t h e  s i g n a l  t o  n o i s e  r a t i o  may i n  f a c t  b e  g r e a t e r  f o r  t h e  G e ( L i )  d e t e c t o r  th a n  
f o r  th e  N a l ( T l )  d e t e c t o r  d e s p i t e  t h e  i n c r e a s e d  e f f i c i e n c y  o f  t h e  l a t t e r .  
A l t h o u g h  th e  s e n s i t i v i t y  o f  a s m a l l  v o l u m e  G e ( L i )  i s  i n s u f f i c i e n t , i t  may be  
t h a t  t h e  d e t e c t i o n  l i m i t  f o r  n i t r o g e n  c o u l d  b e  s m a l l e r  u s i n g  two G e ( L i )  
d e t e c t o r s  w i t h  e f f i c i e n c i e s  o f  t h e  o r d e r  o f  15-20% t h a n  i t  i s  f o r  l a r g e  
v o l u m e  N a X ( T l )  d e t e c t o r s .  The  r e l a t i v e  m e r i t s  o f  t h e  two k i n d s  o f  d e t e c t o r s  
can o n l y  be  d e t e r m i n e d  b y  o b t a i n i n g  e x p e r i m e n t a l  d a t a  ( R o . 7 5 ) .
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E q u a t i o n  5 . 1  g i v e s  t h e  d e t e c t o r  r e s p o n s e  f o r  t h e  c a s e  o f  a n a l y s i s  
u s i n g  p r o m p t  gamma r a y s .  S e n f t l e  e t  a l .  h a v e  c o m p i l e d  a l i s t  o f  
s e n s i t i v i t y  f a c t o r s  ( I c r/A )  f o r  p r o m p t  gamma r a y s  f r o m  e l e m e n t s  o v e r  t h e  
e n e r g y  r a n g e  0 . 2 - 1 1  MeV ( S e . 7 1 ,  D u . 7 0 ) ,  T h e r e f o r e  t h e  d e t e c t i o n  l i m i t s  
w h i c h  c o u l d  be  o b t a i n e d  f o r  v a r i o u s  e l e m e n t s  can be  c a l c u l a t e d  f r o m  t h e  
e x p e r i m e n t a l l y  d e t e r m i n e d  d e t e c t i o n  l i m i t s  o f  cadmium and c h l o r i n e  by  
n o r m a l i s a t i o n  o f  t h e  s e n s i t i v i t y  f a c t o r s .
A c o m p l i c a t i o n  o f  t h i s  n o r m a l i s i n g  p r o c e d u r e  i s  t h a t  t h e  s e l f ­
a t t e n u a t i o n  o f  y - r a y s  i n  t h e  p h an tom  and t h e  d e t e c t i o n  e f f i c i e n c y  a r e  b o t h  
e n e r g y  d e p e n d e n t .  F u r t h e r m o r e ,  t h e  b a c k g r o u n d  a s s o c i a t e d  w i t h  a p e a k  and 
t h e r e f o r e  t h e  d e t e c t i o n  l i m i t  d e p e n d s  on t h e  r e g i o n  o f  t h e  s p e c t r u m  i n  w h i c h  
t h e  p e a k  o c c u r s .
To  o v e r c o m e  t h i s  p r o b l e m  y - r a y s  b e l o w  3 MeV a r e  n o r m a l i s e d  t o  w h i c h e v e r  
o f  t h e  cadmium o r  c h l o r i n e  p e a k s  shown i n  t a b l e  6 . 2  t h e y  a r e  c l o s e s t  t o  i n  
e n e r g y .  I n  t h i s  way  a l l o w a n c e  i s  made f o r  a t t e n u a t i o n ,  d e t e c t i o n  e f f i c i e n c y  
and b a c k g r o u n d .
I n  t h e  l o w  e n e r g y  r e g i o n ,  y - r a y s  w h i c h  h a v e  e n e r g i e s  i n  e x c e s s  o f  
1951 k e V  b u t  l e s s  th a n  3 . 4  MeV a r e  n o r m a l i s e d  t o  t h e  1951 k e V  y - r a y  o f  
c h l o r i n e .  The  1951 lceV y - r a y  s i t s  on  t h e  Compton e d g e  o f  t h e  i n t e n s e  2 , 2 2  MeV 
y - r a y  o f  h y d r o g e n  and t h e r e f o r e  t h e  b a c k g r o u n d  c o n t i n u u m  o v e r  t h e  r e g i o n  o f  
a p e a k  i s  r e l a t i v e l y  l a r g e  ( t ^  = 1 8 0 0 s ,  /b  = 8 8 )  f o r  y - r a y s • l y i n g  b e t w e e n  
2 . 2 2  and 3 . 4  MeV t h e  b a c k g r o u n d  c o n t i n u u m  i s  much l o w e r  t h a n  t h i s  w i t h  t h e  
s q u a r e  r o o t  o f  t h e  b a c k g r o u n d  o v e r  t h e  r e g i o n  o f  a p e a k  b e i n g  o f  t h e  o r d e r  
o f  42 f o r  t^  = 1 8 0 0 s .  T h e r e f o r e ,  i f  i t  i s  assumed t h a t  t h e  p r o d u c t  o f  t h e  
a t t e n u a t i o n  f a c t o r  and d e t e c t i o n  e f f i c i e n c y  f a c t o r  r e m a i n  a p p r o x i m a t e l y  
c o n s t a n t  o v e r  t h e  e n e r g y  r e g i o n  1 9 5 1 - 3  MeV,  t h e n  t h e  d e t e c t i o n  l i m i t s  f o r
6 .1 .5  C a lc u la te d  d e te c t io n  l im i t s  f o r  t ra c e  e lem en ts
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E l e m e n t
E n e r g y
KeV
S e n s i t i v i t y  
f a c t o r ,  I c / A
De t e  c t i o n  
l i m i t ,  p . p . m .
Cd 559 256 7 6
C l 1164 10 .2 250
Cl 1951 20 .0 800
Cl 6111 14 .8 160
Table b.2. : Sensitivity for y-rays from Cd and Cl which
were used to determine detection limits.
E n e rgy  meV
c " b t  
t »  5 cms
-  ~ u t  
F »  e  t
e-ut 
t “ 25 cms F -  e - ' t i
0.2 0.202 0.018 3 10" 3 X 10-
0.5 0.273 0.011  ‘ 0.001 6 X 10-
0.8 0.407 0.008 0.011 2.2 X  10"
1 .1 0.449 0.007 0.018 2.7 X 1 0“
1.5 0.522 0.004 0.039 2.7 X 10"
1.8 0.549 0.050
2.1 0.577 0.064
3 0.638 0.105
4 0.6 70 0.135
5 0.687 0.153
6 0.705 0.174
7 0.715 0.187
Table 6 A  : Variation of the attenuation factor and the
product of attenuation factor and efficiency 
factor with energy.
u “ Total linear attenuation coefficient of 
water (Gr 5 7) 
t «* Thickness of water ,
e “ Detection efficiency at the given energy
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t h e s e  y - r a y s  i n  t a b l e  6 . 4  w h i c h  f a l l  i n t o  t h i s  c a t e g o r y  t e n d  t o  be  
c o n s e r v a t i v e  e s t i m a t e s .
T a b l e  6 . 3  shows how t h e  a t t e n u a t i o n  f a c t o r  and t h e  p r o d u c t  o f  
a t t e n u a t i o n  f a c t o r  and e f f i c i e n c y  f a c t o r  v a r y  w i t h  e n e r g y .
The  a c c u r a t e  e v a l u a t i o n  o f  t h e  s e l f - a t t e n u a t i o n  o f  y ~ r a y s  i n  a s a m p l e  
t h e  s i z e  o f  t h e  phan to m  i s  a c o m p l i c a t e d  p r o c e d u r e .  The  r a t i o  o f  a t t e n u a t i o n  
f a c t o r s  f o r  y - r a y s  o f  d i f f e r e n t  e n e r g i e s  can  be  o b t a i n e d  f r o m  a k n o w l e d g e  o f  
t h e i r  a t t e n u a t i o n  c o e f f i c i e n t s .  H o w e v e r ,  i t  i s  i m p o r t a n t  t o  r emember  t h a t
t h e  r a t i o  o b t a i n e d  i s  a f u n c t i o n  o f  t h e  t h i c k n e s s  o f  t h e  a t t e n u a t i n g
—ii t  .
m a t e r i a l .  T h e r e f o r e ,  f o r  e a c h  e n e r g y ,  e  was e v a l u a t e d  f o r  two  d i f f e r e n t
t h i c k n e s s e s  o f  m a t e r i a l ,  5 and 25 cm, t o  r e f l e c t  c a s e s  o f  m i n i m a l  and
m a x im a l  a t t e n u a t i o n  i n  t h e  p h an tom .
C o m p a r i s o n  o f  t h e  F f a c t o r s  b e t w e e n  200 k e V  and 500 lceV i n  T a b l e  6 . 3  
i n d i c a t e s  t h a t  n o r m a l i s i n g  l o w  e n e r g y  y - r a y s  t o  th e  559 k e V  y - r a y  o f  cadmium 
g i v e s  c a l c u l a t e d  d e t e c t i o n  l i m i t s  w h i c h  p r o b a b l y  t e n d  t o  be  c o n s e r v a t i v e  
e s  t i m a t e s .
I t  c a n  a l s o  b e  s e e n  t h a t  t h e  F f a c t o r  d o e s  n o t  v a r y  a p p r e c i a b l y  i n  t h e  
e n e r g y  r e g i o n  5 0 0 -1 1 0 0  k e V .  The  v a l u e  o f  / b f a l l s  f r o m  110 a t  559 k e V  t o  
47 a t  1165 k e V  f o r  t j  = 1 8 0 0 s .  The  F f a c t o r  and /B r e m a i n  a p p r o x i m a t e l y  
c o n s t a n t  i n  t h e  r e g i o n  1100 k e V - 1 9 5 1  k e V .
I n  t h e  h i g h  e n e r g y  r e g i o n  a b o v e  4 . 4  MeV t h e  a t t e n u a t i o n  f a c t o r  and 
th e  b a c k g r o u n d  r e m a i n  a p p r o x i m a t e l y  c o n s t a n t ,  and i t  i s  ass um ed  t h a t  t h e  
s i n g l e  and d o u b l e  e s c a p e  e f f i c i e n c y  d o e s  n o t  v a r y  a p p r e c i a b l y .
The m o s t  i n t e n s e  y - r a y s  f o r  p a r t i c u l a r  e l e m e n t s  l i s t e d  i n  t a b l e s  6 . 4  
and 6 . 5  w e r e  o b t a i n e d  f r o m  t h e  s t a n d a r d  c o m p i l a t i o n s  ( S e . 7 1 ,  D u . 7 0 ) .
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Table 6.1*-; Calculated detection limits for trace elements in the 
Energy region 0.2-3.4 meV.
( ) eoft tissue concentration
* concentration in liver
Element
Most intense 
low energy 
y-ray, meV
Sensitivity
factor
Io/A
Calculated 
detection 
lim it 
p.p.m.
No mi a 1 
concentration
p.p.m.
Al 2.960 0.054 29 x IO1'
ft0.7
Fe
1.725
0.353
0.377
0.509
42 x 103 
30 x IO3
*178
Cu
0.663
0.278
0.105
1.830
14 x 10** 
8.4 x 103
*7
Mg
2.828
1.809
0.585
0.925
0.
0.652
0.556
17.3 x 103
I'+.i 1 
24.5 x 103
27.7 x 103
*172
(130)
S
2.380
0,841
0.511
0.867
31.3 x 103 
2941
2900 * 
(2000)
Co
1.830
0.231
3.180
11.350
5031
1357
*0.06
<0.02
Mn
2.331
0.213
0.758
1.460
21.1 x io3 
10,5 x 103
1 *
(0.12)
Mo 0.778 1.40 11 x io3
■hl
(<0 .08)
Se
0.614
0.240
2.03
1.99
7.6 x 103
7.7 x 103
*
0.7 
(0.2) *
F 1.890 0.029 55'. 1 x 10**
Zn 1.078 0.361 7.1 w 103
A4 7 
(30)
H o w e v e r , i f  t h e  e n e r g y  o f  t h e  m o s t  i n t e n s e  y - r a y  was  su c h  t h a t  s p e c t r a l  
i n t e r f e r e n c e  w o u l d  o c c u r  f r o m  y - r a y s  w h i c h  w e r e  o b s e r v e d  e x p e r i m e n t a l l y  
f r o m  t h e  b u l k  b o d y  e l e m e n t s  o r  ge rm an iu m  t h e n  t h e  n e x t  m o s t  i n t e n s e  y - r a y  
was c h o s e n .
I t  can  b e  s e e n  f r o m  t a b l e s  6 . 4  and 6 , 5  t h a t  i t  s h o u l d  b e  p o s s i b l e  
t o  d e t e c t  s u l p h u r  a t  c o n c e n t r a t i o n s  s l i g h t l y  g r e a t e r  t h a n  n o r m a l  v a l u e s
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Element
Most intense 
high energy
Sensitivety 
factor
' -Calculated 
detection 
lim it
Norms 1 
c o n c e n t r a t i o n
y-ray, meV I a / A p .p .in. p.p.m.
AL 7.724 0.175 13.5 x lo3 0 . 7
Fe 7.632 1.270 1.9 x lo3 170 *
Cu 7.915 1.72 1.4 x lo 3 A7
Mg 8.154 0.010 2.4 x 1()5 172 * , ( 1 3 0 )
S 5.420 0.678 3.5 x lo3 2900 * , ( 2 0 0 0 )
Co 6 .877 5.01 473 1) ,0 6  , ( - 0 .02)
Mn 7.244 2.92 811 A1 , 0.12
Mo 6.919 0.096 24.7 x lo3 1 * , ( - 0 . 0 8 )
Se 6.601 0.671 3.5 x lo 3 A0 . 7  , ( ( ) . .
F <0.01
Zn 7.863 0.197 12 x l o 3 47 * ,  (  30 /
T a b l e  f a . 5  : C a l c u l a t e d  d e t e c t i o n  l i m i t s  f o r  t r a c e  e l e m e n t s  i n  th e
e n e r g y  r e g i o n  4 . 4 - 8  meV 
(  )  s o f t  t i s s u e  c o n c e n t r a t i o n
*  c o n c e n t r a t i o n  i n  l i v e r .
and t h a t  a b n o r m a l  l i v e r  l o a d s  o f  i r o n ,  g r e a t e r  t h a n  t e n  t i m e s  the '  n o r m a l  
c o n c e n t r a t i o n ,  c o u l d  a l s o  b e  d e t e c t e d .
H o w e v e r , t h e  d e t e c t i o n  l i m i t s  f o r  Z n ,  Mg and Cu a r e  100 t i m e s  t h e  
n o r m a l  c o n c e n t r a t i o n s  and t h e  d e t e c t i o n  l i m i t  f o r  Mn i s  1000 t i m e s  t h e  
n o r m a l  c o n c e n t r a t i o n .  S e ,  Mo,  Co and A l  a l l  h a v e  d e t e c t i o n  l i m i t s  f o u r  
o r d e r s  o f  m a g n i t u d e  g r e a t e r  th a n  t h e  n o r m a l  c o n c e n t r a t i o n s .
6 . 2  A n a l y s i s  M a k in g  Use  o f  D e l a y  Gamma Rays
6 * 2 . 1  N a t u r a l  b a c k g r o u n d
A 1 2 .5  cm x 1 2 . 5  cm N a l ( T l )  d e t e c t o r  and a G e ( L i )  d e t e c t o r  ( 1 1 .4 %  
e f f i c i e n c y  r e l a t i v e  t o  a 7 , 6  x 7 , 6  cm N a l ( T l )  d e t e c t o r )  w e r e  s i t u a t e d  i n  
a l a b o r a t o r y  a t  some d i s t a n c e  f r o m  t h e  n e u t r o n  s o u r c e  i . e .  the  o n l y  b a c k g r o u n d
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E n e r g y N u c l i d e S o u r c e
C ount  r a t e
CS” 1
239 keV 214Pb a32Th s e r i e s 5 . 6
242 lceV -
352 lceV
214
Pb
232
Th s e r i e s 7 .6
511 keV C o s m i c  r a y s 8 . 6
609 keV 21l4Pb 232Th s e r i e s 1 4 . 4
727 lceV 214Bi 2 28Pa  s e r i e s 8 . 3
768 lceV
861 k e V 2 0 8 ^ 2 32Th s e r i e s 8 . 8
911 lceV 228A1 232Th s e r i e s
1120 keV 21 ^ B i
d
226Ra s e r i e s 5 . 9
1460 k eV 40r 10.1
1762 ke V 2 1lf B i 2 26Ra s e r i e s 2 . 2
2120 keV 208T1 23 2 Th s e r i e s 2 . 8
2610 keV 208t i 2 3 2 Th s e r i e s 1 . 7  '
T a b l e  6 . 6  The  i d e n t i f i c a t i o n  o f  p e a k s  i n  a N a l ( T l )  d e t e c t o r  n a t u r a l  
b a c k g r o u n d  s p e c t r u m  ( D e S , 7 2 ,  K n . 7 9 ,  F o . 7 8 ) .
r a d i a t i o n  was  t h a t  due t o  t h e  n a t u r a l  e n v i r o n m e n t .
B a c k g r o u n d  s p e c t r a  w e r e  o b t a i n e d  f o r  t h e  N a l ( T l )  and G e ( L i )  d e t e c t o r  
f o r  a c o u n t i n g  p e r i o d  o f  2 0 0 0 s .  The  v a r i o u s  b a c k g r o u n d  gamma r a y s  o b s e r v e d  
a r e  l i s t e d  i n  T a b l e s  6 , 6  and 6 . 7 .
Th e  N a l ( T l )  d e t e c t o r  was  s u r r o u n d e d  on a l l  s i d e s  b y  13 cm o f  l e a d  and
■e* *
t h e  G e ( L i )  was  s u r r o u n d e d  .by 6 . 5  cm o f  l e a d  i n  o r d e r  t o  r e d u c e  t h e  b a c k g r o u n d  
r a d i a t i o n .
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E n e r g y N u c l i d e S o u r c e
Count  r a t e  
j c s " 1
206 keV 0 . 6 3
239 keV 2 14pb 2 32Th s e r i e s 0 . 5 6  "
242 lceV
259 lceV 2 i 4 p b 232Th s e r i e s 0 .  38
352 lceV 214Pb 2 32Th s e r i e s 0 . 3 7
417 lceV 0 . 2 2
439 lceV 40k 0 . 1 5
D o u b l e  E s c a p e
511 keV C o s m i c  r a y s
\
0 . 3 3
208T i
J
232Th s e r i e s
10 6Ru
583 keV 208 t 1 23 2 'fh s e r i e s 0 . 2 5
609 lceV 2 i 4 p b 2 2 6 Ra s e r i e s 0 . 2 5
662 lceV 1 37Cs 0 . 0 6
911 keV 22 8A c 23 2 Th s e r i e s 0 . 0 8
969 k eV 228A c 23 2 Th s e r i e s 0 . 0 8
1104 lceV 0 . 0 7
1120 keV< '
214B i 2 2 6 Ra s e r i e s 0 . 0 6
T a b l e  6 . 7  T h e  i d e n t i f i c a t i o n  o f  p e a k s  i n  a n a t u r a l  b a c k g r o u n d
s p e c t r u m  c o l l e c t e d  u s i n g  80 cm3 G e ( L i )  d e t e c t o r  ( D e S . 7 2 ,  
K n . 7 9 ,  R o . 7 8 ) .
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The c o u n t i n g  g e o m e t r y  was a r r a n g e d  such t h a t  f o r  e a c h  d e t e c t o r  t h e  
ph an tom was  c o u n t e d  w i t h  i t s  c e n t r a l  a x i s  l y i n g  a l o n g  t h e  c e n t r a l  a x i s  o f  
t h e  d e t e c t o r  and w i t h  i t s  f r o n t  p l a c e d  r i g h t  up a g a i n s t  t h e  f a c e  o f  t h e  
d e t e c t o r .
The  ph an to m  was  f i l l e d  w i t h  a s o l u t i o n  o f  N a C l  w i t h  Na  and C l  
c o n c e n t r a t i o n s  ( 10 7 0  ppm o f  N a ,  1600 ppm o f  C l )  a p p r o x i m a t e l y  e q u a l  t o  
t h o s e  i n  s o f t  t i s s u e  f o r  r e f e r e n c e  man ( 1 1 3 0  ppm o f  N a ,  1350 ppm o f  CL )  
( I C R P . 2 3 ) ,  I t  was  i r r a d i a t e d  f o r  1800s  i n  t h e  g e o m e t r y  shown i n  F i g u r e  5 . 6
t r a n s f e r r e d  t o  t h e  c o u n t i n g  l a b o r a t o r y  ( 3  m i n u t e  t r a n s f e r  t i m e )  and c o u n t e d
f o r  2 0 0 0 s .
a )  U s i n g  t h e  N a l ( T l )  d e t e c t o r : The  m o s t  a c c u r a t e  m e th o d  o f  a n a l y s i n g
d e l a y  gamma r a y  s p e c t r a  o b t a i n e d  w i t h  N a l ( T l )  d e t e c t o r s  f o l l o w i n g  
n e u t r o n  a c t i v a t i o n  i n - v i v o  i s  t h a t  o f  l e a s t  s q u a r e s  f i t t i n g  o f  s t a n d a r d
s p e c t r a  t o  t h e  s a m p l e  s p e c t r u m ,  as  o u t l i n e d  i n  s e c t i o n  6 . 4 ,  b u t  f o r  th e
p u r p o s e s  o f  t h e s e  e x p e r i m e n t s  a s i m p l e r  a n a l y s i s  was  p e r f o r m e d .  D e s p i t e  
t h e  u s e  o f  l e a d  s h i e l d i n g  v a r i o u s  b a c k g r o u n d  gamma r a y s  i n t e r f e r e  w i t h  
t h e  m e a s u r e m e n t  o f  t h e  p h o t o p e a k s  c o r r e s p o n d i n g  t o  t h e  gamma r a y s  f r o m  
Na and C l .  T h e  1369 k e V  and 2754 k e V  gamma r a y s  f r o m  Na and t h e  1640 lceV 
gamma r a y s  f r o m  C l  a r e  i n c o m p l e t e l y  r e s o l v e d  f r o m  t h e  b a c k g r o u n d  gamma 
r a y s  a t  1458 k e V ,  2688  k e V  and 1762 k e V  r e s p e c t i v e l y .
To  o v e r c o m e  t h i s  p r o b l e m  a n o r m a l i s e d  b a c k g r o u n d  s p e c t r u m ,  o b t a i n e d  
b y  c o u n t i n g  t h e  pha n tom  c o n t a i n i n g  o n l y  w a t e r ,  was  s u b t r a c t e d  f r o m  t h e
j s a m p l e  s p e c t r u m  o v e r  t h e  e n e r g y  r e g i o n  o f  a p h o t o p e a l c  t o  o b t a i n  t h e
1'
t r u e  p h o t o p e a l c  c o u n t s ,  H o w e v e r ,  l o w e r  e n e r g y  p h o t o p e a k s  e v a l u a t e d  b y  
t h i s  m e t h o d  w i l l  c o n t a i n  some c o n t r i b u t i o n  f r o m  t h e  Compton  c o n t i n u a  o f
6 .2 .2  Sodium  and c h lo r in e
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Element Na 0 Cl 0 Ca 0 *!>
Concentration 1070 p.p,m. 1600 p.p.m. 0.23 g cm-3 0.12 a  c m " }
Nal
12.5 12.5 cm
7* (1.369) 
5* (2.754)
5* (1.640) 
3* (2.170)
14* (3.10) 14% (1.778)
Ge(Li) 
10* 
efficiency
11% (1.369) 
17* (2.754)
15* (1.640) 
13* (2.170)
> 70* 2 5 % ( t  .77,3)
Table b : Comparison of the precioion obtained with and Nal detector an d
a Ge(Li) detector.
0 t t = 30 ra, tm * 3 m, tQ » 2000e
A
t j  ° 10m, tjo « 30a, t c -  500o
h i g h e r  e n e r g y  gamma r a y s  w h i c h  i n t r o d u c e s  some e r r o r  i n t o  t h e  m e a s u r e m e n t .
b )  U s i n g  t h e  G e ( L i )  d e t e c t o r ; The  i r r a d i a t i o n  and c o u n t i n g  p r o c e d u r e  was  
r e p e a t e d  and a d e l a y  gamma r a y  s p e c t r u m  was o b t a i n e d .  Th e  e n e r g y  
r e s o l u t i o n  o f  a G e ( L i )  d e t e c t o r  i s  f a r  s u p e r i o r  t o  t h a t  o f  an N a l ( T l )  
d e t e c t o r  and c o n s e q u e n t l y  t h e  Na and C l  gamma r a y s  s u f f e r e d  n o  i n t e r f e r e n c e  
f r o m  gamma r a y s  f r o m  t h e  n a t u r a l  b a c k g r o u n d .
6 . 2 . 3  C a l c i u m  and p h o s p h o r u s
A p o l y e t h e l e n e  v i a l  o f  v o l u m e  120 cm3 was  f i l l e d  w i t h  Ca PO and
3 4
i r r a d i a t e d  a t  a d e p t h  o f  4 cm a l o n g  t h e  c e n t r a l  a x i s  o f  t h e  p h a n to m .  The
c o n c e n t r a t i o n s  o f  c a l c i u m  and p h o s p h o r u s  i n  t h e  v i a l  w e r e  thus  a p p r o x i m a t e l y
e q u a l  t o  t h e  " n o r m a l "  v e r t e b r a l  c o n c e n t r a t i o n s  and t h e  v o l u m e  o f  t h e  v i a l  
was  a p p r o x i m a t e l y  e q u a l  t o  t h e  v o l u m e  o f  f i v e  lu m bar  v e r t e b r a e ,  as m e n t i o n e d  
i n  s e c t i o n  6 . 1 .
F o l l o w i n g  i r r a d i a t i o n  th e  p h a n to m  was  t r a n s f e r r e d  t o  t h e  c o u n t i n g  
l a b o r a t o r y  and c o u n t e d  i n  an i d e n t i c a l  g e o m e t r y  t o  t h a t  u s e d  f o r  t h e  Na  and 
C'l m e a s u r e m e n t s .
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D i f f e r e n t  i r r a d i a t i o n  a nd  c o u n t i n g  t i m e s  w e r e  a d o p t e d  f o r  p h o s p h o r u s  due  
t o  i t s  r e l a t i v e l y  s h o r t  h a l f - l i f e .
T a b l e  6 . 8  g i v e s  a c o m p a r i s o n  o f  t h e  r e l a t i v e  p r e c i s i o n  o f  t h e  two 
d e t e c t o r s  f o r  t h e  m ea s u r e m e n t  o f  d e l a y  gamma r a y s .  The  e r r o r s  on the  
m e a s u r e m e n t s  shown i n  T a b l e  6 . 8  a r e  t h o s e  due t o  c o u n t i n g  s t a t i s t i c s  a l o n e .
6 . 3  C y c l i c  A c t i v a t i o n
Th e i r r a d i a t i o n  and d e t e c t i o n  g e o m e t r y  was i d e n t i c a l  t o  t h a t  u s e d  
i n  t h e  c a s e  o f  a n a l y s i s  u s i n g  p r o m p t  gamma r a y s ,  as shown i n  f i g u r e  5 . 6 .
T h u s , t h e  f r o n t  f a c e  o f  t h e  d e t e c t o r  was  a d i s t a n c e  o f  13 cm f r o m  t h e  s u r f a c e  
o f  t h e  p h a n to m ,  A  s p e c t r u m  i s  a c c u m u l a t e d  b y  c o u n t i n g  d u r i n g  t h o s e  p e r i o d s  
when t h e  s o u r c e  i s  b a c k  i n  i t s  r e s t  p o s i t i o n  a t  some d i s t a n c e  f r o m  t h e  
phan tom  so  t h e  d y n a m ic  b a c k g r o u n d  o b s e r v e d  d u r i n g  p r o m p t  a n a l y s i s  i s  n o t  
p r e s e n t  when p e r f o r m i n g  c y c l i c  a c t i v a t i o n .  H o w e v e r ,  t h e  d e t e c t o r  m u s t  s t i l l  
b e  s h i e l d e d  f r o m  n e u t r o n s  t o  a v o i d  n e u t r o n  i n d u c e d  damage and s o  i t  was 
n e c e s s a r y  t o  s i t u a t e  t h e  d e t e c t o r  i n  t h e  p o s i t i o n  d e s c r i b e d  a b o v e ,
I f  t h e  d e t e c t o r  c o u l d  b e  c y c l e d  a s y n c h r o n o u s l y  w i t h  t h e  n e u t r o n  s o u r c e  
( i . e .  when t h e  s o u r c e  i s  i n  i t s  r e s t  p o s i t i o n  t h e  d e t e c t o r  i s  v e r y  c l o s e  t o  
t h e  phan tom  and v i c e  v e r s a )  i t  s h o u l d  b e  p o s s i b l e  t o  i n c r e a s e  t h e  s e n s i t i v i t y  
c o n s i d e r a b l y  due  t o  t h e  e f f e c t  o f  t h e  i n v e r s e  s q u a r e  l a w  on t h e  c o u n t i n g  
g e o m e t r y .  T h i s  c o u l d  b e  a c h i e v e d  b y  d e s i g n i n g  a s u i t a b l e  r e s e r v o i r  f o r  
n i t r o g e n ,  c o n t a i n i n g  t h e  c o l d  f i n g e r  a t t a c h e d  t o  t h e  d e t e c t o r ,  w h i c h  was  
l e s s  b u l k y  and t h e r e f o r e  m ore  f l e x i b l e  t h a n  th e  c o n v e n t i o n a l  d e w a r  a r r a n g e m e n t .
6 . 3 . 1  O x y ge n
Body o x y g e n  has  b e e n  m e a s u r e d  v i a  t h e  r e a c t i o n ,  160 ( n , p ) 16N ,  as 
m e n t i o n e d  i n  c h a p t e r  2 .  160 c o m p r i s e s  99 .8% o f  s t a b l e  o x y g e n  and t h e
The i r r a d ia t i o n  and c o u n t in g  tim e s  used a re  shown in  T a b le  6 .8 .
.01 
X 
INilO'J
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Ge(Li) Detector No Energy keV Isotope No Energy keV
1 75 Pb X-ray 10 11982 86 Pb X-ray 11 1293
3 140 78mGe(49s) 12 1358
4 197 190(29s) 13 1460
5 237 14 1528
6 478 B 15 1709
7 511 Annihilation 16 1780
8 660 17 1789
9 724 18 1857
19 1946
Isotope
H(s.e)
H(s.e)
2“A1(2.3m)
480 Energy 900 KeV 1320 1740
Fl(r. b.?: Cyclic Activation of tissue equivalent phantom. T total » 900s. Tj ■» Tc “ 10s> ^  " 0>Ss
800
No. Energy (keV) Isotope
1 2615 Pb(n,n'y)
2 3919 C(s.e)
3 44 30 C
4 5619 16N(s .e)
5 6130 l6N(7s)
160
2200 3900 ENERGY
F l&  b . 8 *• c/ c l*c ac tiva tion  o f a water phantoa. Total « 950s, T. « Ti (
850 0
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t h r e s h o l d  f o r  t h e  r e a c t i o n  i s  10 MeV w i t h  a c r o s s - s e c t i o n  a t  14 MeV o f  
41 x 1 0 ~ 3b .  16N d e c a y s  w i t h  a  h a l f - l i f e  o f  7s e m i t t i n g  gamma r a y s  o f
5619 and 6130  lceV. T h i s  s h o r t - h a l f - l i f e  f a v o u r s  t h e  u s e  o f  c y c l i c  
a c t i v a t i o n .
F i g u r e  6 . 8  shows t h e  c u m u l a t i v e  d e t e c t o r  r e s p o n s e  o b t a i n e d  f r o m  a 
c y c l i c  a c t i v a t i o n  o f  t h e  phan to m  c o n t a i n i n g  w a t e r  u s i n g  a 7 . 5  x 7 . 5  cm 
N a l ( T l )  d e t e c t o r .
The  t i m i n g  p a r a m e t e r s  w e r e  c h o s e n  t o  m a x i m i s e  t h e  c u m u l a t i v e  d e t e c t o r  
r e s p o n s e  as o u t l i n e d  i n  s e c t i o n  5 , 1 3 .  The  s t a n d a r d  d e v i a t i o n  on t h e  
m e a s u r e m e n t  o f  o x y g e n  due  t o  c o u n t i n g  s t a t i s t i c s  was  12%.
The  c u m u l a t i v e  d e t e c t o r  r e s p o n s e  o b t a i n e d  f r o m  a c y c l i c  a c t i v a t i o n  o f  
a t i s s u e  e q u i v a l e n t  pha n tom  u s i n g  a G e ( L i )  d e t e c t o r  i s  shown i n  F i g u r e  6 . 7 .
P e a k s  4 and 12 a r e  t h e  197 k e V  and t h e  1370 lceV gamma r a y s  f r o m  180 ( t , = 2 9 s ) .
2
H o w e v e r ,  t h e  s t a n d a r d  d e v i a t i o n  on t h e  m e a s u r e m e n t  o f  o x y g e n  due t o  c o u n t i n g  
s t a t i s t i c s  i s  40% i n  t h i s  c a s e .
S e v e r a l  o f  t h e  p e a k s  shown i n  f i g u r e  6 . 7  a r e  b a c k g r o u n d  p r o d u c e d  by
t h e  n e u t r o n  s o u r c e  i . e .  p e a k  numbers  1 ,  2 ,  6 ,  7 ,  10 and 15.  P e a k  number
11 ( 12 9 2  k e V )  i s  due t o  59Fe  ( x 1 = 4 5 . I d )  a c t i v i t y  i n d u c e d  i n  t h e  s t e e l
2
s o u r c e  s t o p .
6 . 3 . 2  C h l o r i n e
The  f e a s i b i l i t y  o f  m e a s u r i n g  c h l o r i n e  v i a  t h e  r e a c t i o n  37C1 ( n , y ) 38™Cl 
was  i n v e s t i g a t e d .  38mC l  has  a h a l f - l i f e  o f  0 . 7 4 s  and e m i t s  gamma r a y s  o f  
660 k e V .  A  r e l a t i v e l y  i n t e n s e  p e a k  a t  660 lceV1 ( p e a k  number  8 )  can b e  s e e n  
i n  f i g u r e  6 . 7  b u t  c o n t r i b u t i o n s  t o  t h i s  p h o t o p e a l c  f r o m  gamma r a y s  o f  t h e  
same e n e r g y  due  t o  an unknown s o u r c e  i n  t h e  d y n a m i c  b a c k g r o u n d  p r e v e n t e d  a 
q u a n t i t a t i v e  a n a l y s i s .
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The r e l a t i v e l y  s h o r t  h a l f - l i f e  o f  28A1 ( 2 . 3  m) f a v o u r s  t h e  use  o f  
c y c l i c  a c t i v a t i o n  t o  m e a s u r e  p h o s p h o r u s  v i a  t h e  31P ( n , a ) 28A l  r e a c t i o n .
P e a k  number  16 i n  f i g u r e  6 . 7  i s  t h e  1780 lceV gamma r a y  f r o m  28A1 .  H o w e v e r ,  
a l a r g e  c o n t r i b u t i o n  t o  t h i s  p e a k  i s  due t o  28A1 a c t i v i t y  r e s u l t i n g  f r o m  
s c a t t e r e d  n e u t r o n s  w h i c h  a r e  c a p t u r e d  b y  t h e  a l u m i n iu m  c a n n i n g  o f  t h e  
d e t e c t o r  i . e .  27A1 ( n , y ) 28A l .  I t  t h e r e f o r e  p r o v e d  i m p o s s i b l e  t o  o b t a i n  a 
q u a n t i t a t i v e  e s t i m a t e  o f  p h o s p h o r u s  c o n c e n t r a t i o n  b y  t h i s  t e c h n i q u e .  T h i s  
p r o b l e m  c o u l d  be  o v e r c o m e  e i t h e r  b y  c y c l i n g  th e  s o u r c e  and d e t e c t o r  
a s y n c h r o n o u s l y  as m e n t i o n e d  a b o v e  o r  b y  s u b s t i t u t i o n  o f  some o t h e r  m a t e r i a l  
w i t h  a l o w  a t o m i c  number  i n  t h e  d e t e c t o r  c a n n i n g  i n s t e a d  o f  a lu m i n iu m .
O f  t h e  t r a c e  e l e m e n t s  o f  i n t e r e s t  o n l y  s e l e n i u m  h a s  a r a d i o a c t i v e  
p r o d u c t  w i t h  a h a l f - l i f e  w h i c h  i s  s u f f i c i e n t l y  s h o r t  t o  s u g g e s t  t h e  u s e  o f
c y c l i c  a c t i v a t i o n  ( 77mS e ,  x A =  1 7 . 5 s ,  E = 161 k e V ) .
2 Y
U s i n g  e q u a t i o n  5 . 4  t h e  c u m u l a t i v e  d e t e c t o r  r e s p o n s e s  w e r e  c a l c u l a t e d  
f o r  t h e  r e a c t i o n s  180 ( n , y ) 190 and 76Se  ( n , y ) 77mS e .  Due a c c o u n t  was  t a k e n  
o f  th e  f r a c t i o n a l  i s o t o p i c  ab u n d a n c e  o f  t h e  t a r g e t  i s o t o p e  i n  e a c h  c a s e  as 
w e l l  as  t h e  f r a c t i o n a l  i n t e n s i t y  o f  t h e  e m i t t e d  gamma r a y s .  The  p r a c t i c a l  
e q u i v a l e n c e  o f  t h e  gamma r a y  e n e r g i e s  f o r  e a c h  p r o d u c t  i s o t o p e  e n s u r e d  t h a t  
d e t e c t i o n  e f f i c i e n c y  c o u l d  b e  c o n s i d e r e d  t o  b e  c o n s t a n t .  T h e  d e t e c t o r  r e s p o n s e  
o b t a i n e d  f o r  c y c l i c  a c t i v a t i o n  o f  Se  was  t h e n  n o r m a l i s e d  t o  t h a t  o b t a i n e d  
f o r  o x y g e n  and t h i s  a l l o w e d  an e s t i m a t e  t o  b e  made o f  t h e  number  o f  c o u n t s  
w h i c h  w o u l d  b e  o b t a i n e d  e x p e r i m e n t a l l y  i n  t h e  p h o t o p e a l c  o f  t h e  161 lceV gamma 
r a y  f r o m  Se  f o r  a p a r t i c u l a r  c o n c e n t r a t i o n  o f  Se  i n  t h e  pha n tom  s i n c e  t h e  
c o n c e n t r a t i o n  o f  o x y g e n  i n  t h e  p h a n t o m  was  known .  O b v i o u s l y  t h e  t i m i n g  
p a r a m e t e r s  u s e d  i n  t h e  c a l c u l a t i o n s  h ad  t o  b e  t h o s e  shown i n  t a b l e  6 . 7  i n
6 * 3 . 3  Phosphorus
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order to correctly normalise the photopeaks for the different product 
isotopes. Despite the fact that these were not the optimum timing 
parameters for cyclic activation of selenium it was found that a concentration 
of 0.1 ppm of Se in the phantom would result in 125 counts in the photopeak 
of the 161 lceV gamma ray. Since the square root of the background over the 
range of a photopealc in this energy region is of the order of 40 counts, the 
detection limit for Se is slightly less than 0.1 ppm. The normal concentration 
of selenium in the liver is of the order of 0.7 ppm so the technique of cyclic 
activation analysis could be used to measure Se in the liver.
6.4 Analysis of Gamma-Ray Spectra
The software of the computer based multi-channel analyser used permitted 
simple evaluation of photopealc areas by the total peak area method (see 
figure 6.9), Whilst this was considered adequate for the present investigations 
it is not recommended that such a simple technique should be applied routinely 
in in-vivo activation analysis. The most accurate method of spectral analysis 
depends upon the type of detector employed i.e. Nal(Tl) or Ge(Li) as explained 
below.
The most important parts of a gamma ray spectrum fo,r purposes of 
analysis are the photopeaks. When a count is registered for this type of 
event the incoming photon has deposited all of its energy in the detector.
The technique of "stripping", i.e. normalised subtraction by comparison 
of peaks in the sample spectrum and standard spectra was originally applied 
to analyse spectra consisting of the order of 256 channels of information 
produced by Nal(Tl) detectors.
However, the most accurate method of analysing a relatively simple 
spectrum which is composed of contributions from only a few well identified
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C y c lic  A c t iv a tio n  o f  a Tissue Equ ivalent Phantom
T i = T = 10 , T = c s ' w 0.5 , T t o ta l  = 1550s ' s
F.nergy KeV Isotope Counts 
in the Photopeak
/B
75 Pb X rays 2279 68
85 Pb X rays 1339 82
139 75Gera (48s ) 3022 44
197 150 (29s) 125 35
285 5 3 17
478 B
511 A n n ih ila tio n
(547) 54 13
(566) 68 14
570 207pbm (0. 8s ) 45 10
( 596) Ge (Prompt) 66 17
(609) 5 9Fe 50 17
(660) 198 18
( 1099) 59Fe (45. Id ) 40 10
( 1198) II d .e 42 10
( 1292) 59Fe 107 16
( 1370) 150 (29s) 30 6
1384 58 11
1440 33 8
1461 <.0K 95 13
1540 45 10
( 1691) 40 8
( 1709) 11. s . e .
( 1780) 2 0A1 (2. 3m)
1873 40 9
Table 6.9
isotopes (as in in-vivo neutron activation analysis using Nal(Tl) detectors) 
is that of linear regression analysis or least squares fitting of standard 
spectra to the sample spectrum. The data points of the standard spectra 
are weighted by the inverse variance of the count in the corresponding 
channel during the least squares procedure. This is justified since the 
counts in the various channels of a gamma ray spectrum are known to be
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The advent of solid state detectors with improved energy resolution 
resulted in the production of spectra consisting of as many as 4000 
channels. There are several disadvantages in the application of the least 
squares method of analysis to such spectra. The complexity of the spectra 
causes uncertainty as to the number and type of the standards to be used in 
the least squares fitting. It is a prerequisite that the gain stability 
of the system must be good. Further, at high count rates the positions of
peak centroids shift in the direction of decreasing energy which obviously
precludes the use of the least squares method with standard spectra obtained 
under different conditions. Finally, when a number of standards are required
and there are a 1000 or more channels in the spectrum, then the computing
time involved may be prohibitive since there are many cross-multiplications 
of matrices to be performed.
In general, gamma ray spectra are analysed without recourse to the 
least squares technique by estimating the areas of photopeaks, on their 
significant parts, using only that information contained within the photopeak 
regions.
There are many methods for the determination of photopeak areas 
although they can be classed into one of two categories. In the first 
category the digital data is treated directly while in the second a combination 
of analytical functions are "least squares fitted" to the data points and 
then the composite function obtained is integrated to determine the peak area.
The methods of peak area determination by treating the digital data are 
outlined in Figure 6.9.
n o rm a lly  d is t r ib u t e d  and u n c o r re la te d  (E c .6 9 ) .
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Figure 6.9 Digital Methods of Photopeak 
Integration.
a) Total Peak Area Method The channel contents are summed over the whole
region of the photopeak and the estimated trapezoidal background beneath
the peak is subtracted to give the photopealc area.
b) Wasson's Method (Wa.71) The photopealc is truncated and the same procedure
carried out as outlined above. This method allows for the fact that while
the channels in the wings of the photopealc add considerably to the error 
of a peak integration, they add little to the net number of counts.
c) Covell's Method (Co.59) Only those channels which have relatively small 
variances are used in the analysis and uncertainties with regard to 
choosing the best base line are removed,
d) Sterlinski's Method (St.68) The variance on the peak area is reduced by 
giving greater weights to those channels with higher count rates.
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e) Quittner’s Method (Qu.69) In this method a non-linear base-line 
subtraction technique is used. Several channels are taken on each 
side of the peak, to the left and right of the peak limits, and the 
data points are fitted to second order polynomials. The calculated 
values and slopes of the polynomials at the centre channel are used 
to define a cubic equation which describes the base-line under the 
peak,
Baedecker (Ba.71) pointed out that both Covell and Sterlinslci failed 
to consider the fact that the variances obtained using their techniques are 
increased by virtue of the fact that the summation is carried out using a 
relatively high base-line, rather than one drawn across the limits of the 
photopeak.
At the present time, owing to the development of computing techniques, 
these methods of using the digital data directly are hardly ever used.
The ideal of spectrum analysis is the detection of as many true peaks 
as possible and as few spurious peaks as possible and the accurate deter­
mination of peak centroids and intensities. The use of high speed computers 
with algorithms tailored to perform these functions is the best method of 
analysis.
Peak detection methods are all based on convolution procedures. There 
are many such methods (Bo.71, Ma,67, Op.73) although the most popular method 
is probably that of using the smoothed first and higher derivatives calculated 
from the original data according to the method of Savitzky and Golay (Sa.64). 
The first derivative changes sign with a negative slope at the maximum of a 
photopeak but also at any broad maximum present in the spectrum. Therefore, 
a few other tests relating to the local shape of the spectrum in the vicinity
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of a detector maximum have to be made to ensure that the detected maximum
is a photopeak. Higher-order derivatives have been tried in order to
avoid the necessity of performing additional tests (Ny.73).
/
A gamma ray of negligible natural width which is completely absorbed 
in a detector is broadened by the statistical fluctuations in the creation 
of electron-hole pairs and electronic noise into a Gaussian shape.
The various computer codes in use fit such a peak shape function to
the data in the photopealc region by x2 minimization. The initial values 
of the parameters of the peak shape function are determined as a function 
of energy calibration standards.
However, peaks often exhibit a distortion from the simple Gaussian 
shape. Incomplete charge collection and pile-up can remove counts from the 
sharp peak producing an exponentially decaying distribution below the peak.
In addition, for very strong peaks a much longer exponential tail may be seen 
below the peak which is probably due to surface effects. There is also some 
evidence of a step function occurring at the peak centroid resulting in a 
discontinuity in the background below the peak. This may be due to small 
angle Compton scattering in the shielding material surrounding the detector 
or edge effects. Any high energy tailing observed is usually due to an 
improperly adjusted pole-zero in the main amplifier, an excessively high count 
rate or insufficient baseline restoration and therefore is best corrected by 
adjustment of the electronics rather than by a fitting algorithm.
A wide variety of peak shape functions have been proposed although the 
proposed shapes fall into two categories. In the first category, two or more 
distinct functions are used in the region of the peak and of the tail and the 
functions and their first derivatives are joined smoothly at some point (Ro.69).
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In the second category peak shapes are a sum of several functional terms, 
each of which is formed by the convolution of a simple Gaussian with one 
of the functions mentioned above (Va.69, Ph.76, Jo,77, Gu,72, Bo.79)* This 
technique has a firm physical basis as opposed to an ad-hoc joining of functions 
at an arbitrary point.
The precision of the determined photopealc area is critically dependent 
upon the accurate definition of the peak boundaries and the form of the base­
line function. Peak boundaries are located by the same convolution techniques 
employed in the peak search algorithm.
Linear, quadratic and cubic expressions have been used to describe 
the base-line in a peak region but probably the best form of base-line 
function is obtained by a linear continuum superimposed by a rounded step 
function to account for the peak's asymmetry (Gu.72). H e y d o m  and Lada, 
and Robertson and Spyrou demostrated that the precision can be optimised by 
appropriate truncation of the integration range depending upon the background, 
resolution and signal amplitude.(He. 11,Ro.76)
Multiplet structures still present some difficulty in the analysis of 
spectra obtained from germanium detectors and the effect of count rate on the 
position of a peak centroid needs to be investigated.
Greater accuracy of analysis could be obtained by increasing the number 
of channels in a spectrum thus increasing the number of channels in a peak 
region and therefore the number of statistical degrees of freedom in the 
minimization procedure.
However, there is a clear need for the development of efficient algo­
rithms for peak search and peak fitting which can be implemented at 
relatively low cost on minicomputers rather than using the large machines 
which are required at present.
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6.5 Measurement of the Depth of a Region Within the Body Using Prompt 
Gamma Rays
The problem of non-uniformity of activation and detection in partial 
body in-vivo activation analysis can be overcome if the depth of an organ 
can be estimated from data obtained during the measurement of elemental 
composition, without recourse to further irradiation of the patient.
Two techniques have been developed in quantitative radio-isotope 
procedures in nuclear medicine to determine the depth of radioactivity in 
order to correct for the gamma ray attenuation in the intervening tissue.
a) Double gamma ray technique
This method relies upon the difference in attenuation coefficients 
between two different gamma ray energies to obtain an estimate of the 
depth of the point of emission.
If the source of the gamma rays is at a depth x in tissue,then the 
ratio of the count rates in the full energy peaks corresponding to 
each gamma ray is given by:
-y x
K e
c = — ------- (6.1)-y2x
K e 2
where and K2 are the corresponding gamma ray emission rates and y^ 
and y2 the linear attenuation coefficients.
Thus
a + -,In--C" (6.2)(y2-y1)
where a is  a c o n s ta n t .
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A large difference in linear attenuation coefficients ensures a 
rapid variation of the count rate ratio with depth. Tauxe (Ta.69) 
used a doubly-labelled iodine compound (125I; 35 keV, 131I; 364 lceV) 
to determine kidney depth by this technique. The use of such low and 
high energy gamma rays with a large difference in linear attenuation 
coefficients (0.26 m” 1) caused the 125I/131I counts ratio to vary 
significantly with depth. However, low energy gamma rays are unsuitable 
for depth determination in partial body in-vivo activation analysis 
because measurement is limited to superficial depths by the high attenuation 
and also because in in-vivo activation using prompt gamma rays the back­
ground continuum is high at low energies. Kacperek (Ka.77) explored the 
possibility of using gamma rays of higher energy in experiments with the
511 keV and 1275 keV gamma rays from a standard source of 22Na. In this
case the difference in linear attenuation coefficients is much less, 
being approximately 0.03 cm-1, nevertheless it proved possible to 
determine depths of up to 15 cm and at about 5 cm the error in the depth 
measurement was approximately ± 0.7 cm.
b) Scatter-to-pealc ratio technique
In Figure 6.11,the number of photons impinging upon the small element 
dx per second is given by:
-Utx
1 ■ V
where IQ is the number of photons emerging from the source per unit solid 
angle per second.
jj = total linear attenuation coefficient x = x cos 0 since 0 is very 
small,
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[5] Ge(Li) Detector
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rill Schematic view of the principle of the scatter-to- 
peak ratio technique.
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Fia.6 10 Sketch ot Spectrum for Scat ter-to-Photopeak 
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The amount of scattered radiation reaching the detector from the 
element dx is:
ds = I y dx c
where y^ is the Compton scattering attenuation coefficient for a defined 
scattering angle.
Thus
-ytx
ds = I e y dx0 c
Therefore the scatter reaching the uncollimated detector from the 
element dx is:
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- y t (d-x) - y tg
= ds e = I. e . y dx0 c
The total amount of scatter reaching the detector is therefore given by 
d
f -lfyg -btg
=  _ V  1Jc d x  =  I 0 e  8  M c  
0
So the number of counts in the scatter window shown in figure 6.10 
is :
-lfyg
S - V  g pc + Bs
where Bg is the background continuum in the scatter window.
Similarly>the number of counts in the photopeak is given by:
“ Mt-g 
P = fee + B0 p
where B^ is  th e  backg roun d  co n tin u u m  unde r th e  p h o to p e a k .
-  192 -
Bg can be determined from a measurement made without any scattering
medium between the source and detector and B can be estimated in the
P
standard manner.
The scatter to peak ra t io ,  corrected for  background, is given by:
S'
V  = 8 ,Jc
Thus the scatter to peak ra tio  varies linearly  with source depth.
The value of S'/p' obtained for a given depth depends upon the width 
of the scatter window chosen i . e .  the maximum angle of scatter. The 
sen s it iv ity  of the scatter-to-peak ratio  technique is dependent upon the 
Compton scattering attenuation coe ff ic ien t  and since this decreases with 
increasing energy the s en s it iv ity  w i l l  follow suit.
The technique has been used for depth correction in quantitative renal 
uptake scanning (Ka.75).
To examine the fe a s ib i l i t y  of determining the depth o f  a source of 
prompt gamma rays, a cadmium p e l le t  weighing approximately 1 g was placed at 
various depths within the tissue equivalent phantom and a prompt gamma ray 
spectrum accumulated for each position for a period of 1800s.
The photopealc areas corresponding to the 559 and 802 keV prompt gamma 
rays of cadmium were calculated for each position o f the cadmium p e l le t .
The ratio  of these photopealc areas versus depth is shown in figure 6.12.
However, i t  proved impossible to implement the scatter-to-pealc ratio 
technique since the proximity of the intense 511 lceV annihilation radiation 
photopealc limited the scatter energy window below the 559 keV photopeak o f
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Figure 6,12 Depth determination by the double gamma ray technique
cadmium to 10°-20° of scatter and the variance of the counts in the scatter 
region was too great to allow reasonably accurate measurements o f the scatter 
to peak ratio .
The double gamma ray .technique could be applied to determine the mean 
depth of the kidney in a partia l body determination of kidney cadmium where 
the activation and detection is  known to be non-uniform.
However normalisation of a thyroidal iodine determination for  non- 
uniform conditions is probably better achieved by the internal standard 
technique.
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CHAPTER- 7
METHODS OTHER THAN NEUTRON ACTIVATION FOR ELEMENTAL ANALYSIS 1 IN-VIVO1
7.1 Photon Activation
7.1.1 The detection of bulk elements in patients undergoing high-energy 
radiation therapy
In high-energy radiation therapy, with photon energies well above 
photoneutron thresholds, i t  is possible to determine the concentrations 
of bulk body elements via the a c t iv ity  induced by (y,n ) reactions.
The threshold energies for  photonuclear reactions on C, N and 0 are 
18,7 MeV, 10 MeV and 15.9 MeV respectively. The activated products 11C,
13N and 150 have short h a lf- l iv e s  o f  20.2m, 9.92m and 2.02m respectively 
and so are detectable in patients undergoing therapy sessions lasting only 
a few minutes. The activated products a l l  decay by the emission o f positrons 
which, on annihilation with electrons, emit two 511 keV gamma rays with an 
angular separation o f 180° in the centre o f mass frame of reference. Therefore, 
to determine the concentration of each element i t  is necessary to analyse 
the decay curve of the 511 keV photopealc and by deconvolution obtain the 
contribution due to each d if fe ren t h a l f - l i f e .
Spring and Vhyrynen (Sp.70) used this technique to measure the 
variations in oxygen and carbon concentrations of both irradiated normal 
and tumour tissues in patients receiving a fractionated course o f radio- 
therapeutic treatments with 33 MeV photons from a betatron. A period ic ity  
was found to ex is t in the tumour carbon concentration, with an amplitude 
of about ± 10% and a period between 3 and 14 days which the authors explained
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in terms of a roughly synchronized c e l l  d ivision. I t  was suggested that 
the treatment schedule could be adapted using the information obtained 
on changes in the oxygen and carbon concentrations o f  the irradiated 
normal and tumour tissues.
Pearson and Spyrou (Pe.79a, Pe.79b) used electrons from a 34 MeV 
betatron to irrad iate various tissue-equivalent liquids representing tota l 
so ft tissue and muscle giving d if fe ren t concentrations by weight of C, 0 
and N. A 7.6 cm x 7.6 cm Na l(T l) s c in t i l la to r  and a gamma camera were used 
to detect the annihilation gamma rays. Sens it iv it ies  were obtained fo r  each 
element expressed as counts per second per milligram of element per gram 
of tissue for  unit dose in Gray as follows: carbon, 0.6 ± 0.05; nitrogen,
1.0 ± 0.2; oxygen 7.5 ± 0.4. Therefore, i t  is possible to determine the 
concentrations of oxygen and carbon to an accuracy well within the variation 
of concentrations between tissues and well within the variation of these 
elements in tumours during a course o f  radiotherapy, reported to be of the 
i order of 10-15% (Sp.70).
In terfering a c t iv ity  from the positron emitting activation products 
of phosphorus, chlorine and potassium with very similar h a l f- l iv e s  to those 
of the elements o f interest could have been iden tif ied  by higher energy gamma 
ray emissions. However, these in ter fer ing  activation products escaped 
detection when phosphorus, chlorine and potassium were present in phantoms at 
typical tissue concentrations.
The Bremsstrahlung used to excite the photo-nuclear reactions is 
produced within the sample i t s e l f .  The authors pointed out that this has the 
disadvantage that bremsstrahlung conversion is low in a material of low 
e f fe c t iv e  Z, such as tissue, and so the sens it iv ity  per unit dose is less than
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that which could be obtained using equally energetic photons as the 
primary beam. I t  was estimated that the difference in useful available 
photon flux bet\<reen an irrad iation  with electrons and one with photons is
of the order of 102 to 103.
7.1.2 Body nitrogen
The threshold energy fo r  photoneutron emission in nitrogen is well 
below that o f oxygen and carbon and so nitrogen can be activated without 
interference i f  the maximum bremsstrahlung energy is 16 MeV.
Pearson (Pe.79c) irradiated urea solutions representing body concentrat­
ions o f nitrogen using 16 MeV electrons. Using a 12.5 cm x 12.5 cm N a l (U )  
detector the minimum electron dose required to obtain a signal to noise ratio  
fo r  the 511 keV photopealc of photopealc counts > 3 /background was found to 
be 0.42 Gy.
The bremsstrahlung flux at energies greater than 10 MeV x?as measured
using a urea activation f o i l  and found to be 1150 ± 160y cm_2s_1. However,
i t  was calculated that fo r  an equivalent dose of 16 MeV maximum energy 
bremsstrahlung photons the available photon flux with energies greater than 
10 MeV would be of the order of 2 x 108y cm“2s-1 .
The s ign ifican t increase in photon flux would allow a reduction in 
the dose delivered o f about three orders of magnitude and permit the deter­
mination of body nitrogen at an acceptable leve l of dose.
7.2 Nuclear resonant scattering of gamma rays
The Birmingham group have explored the poss ib i l i ty  of measuring iron 
and copper in the l iv e r  by this method as mentioned in sections 2.10.2 and 
2,10.3.
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Vartslcy et a l . (Va.79) implemented the technique and used 847 keV 
photons emitted from a gaseous 55MnCl2 source and resonantly scattered from 
56Fe in a l iv e r  phantom to determine the sens it iv ity  of the method.
Resonance conditions i.e. the overlap of the emission and absorption 
lines are achieved through the Doppler velocity from previous nuclear decay.
In 47% of the decays of 56Mn 56Fe there is a direct population of the 
847 keV leve l by a 3 partic le  transition. Consequently, due to the re co i l  o f 
the nucleus resulting from the emission of a 3 part ic le ,the  emitted gamma 
rays have a microspectrum of energies which are a function o f the reco il  
ve loc ity  and the angle between the direction of motion o f the nucleus and 
the emission of the photon.
The 847 keV gamma ray must be emitted before the recoiling nucleus 
loses its velocity as a result of collisions with neighbouring atoms so it 
is necessary to use a source in the gas phase with sufficiently large inter- - 
molecular distances to satisfy this condition.
It proved necessary to protect the "patient" from the strong thermal 
radiation from the heated source with a heat shield made of aluminium foil.
The detection system consisted o f two Ge(Li) detectors with a to ta l 
re la t ive  e ff ic iency  o f 34%. The detectors count the scattered radiation at 
an angle of 90° to the incident photon beam and are shielded on a l l  sides 
from the incident radiation and possible resonant contribution from Fe in 
/ the room. The measurement at 90° reduces the in terfer ing  e f fe c t  of Rayleigh 
scattering by bound electrons since this exhibits a strongly forward angular 
j d istribution. However, a s ign ifican t peak, resulting from Rayleigh scattering 
and poor shielding from the incident gamma rays, was observed in a background 
spectrum from an iron-free phantom.
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The resonant count rate was determined as a function of source 
temperature and a plateau was obtained indicating that a l l  of the MnCl2 
was in the vapor phase and suitably stable operating conditions could be
achieved.
The sens it iv ity  was acceptably uniform along the short axis o f the 
l iv e r  phantom (± 17% RMS value) but not along the long axis. I t  was 
suggested that a suitably shaped absorber in the incident beam could restore 
uniformity in this direction.
The sens it iv ity  o f  the method was 350 counts g_1rem-1 for the l iv e r  
with the lim it of detection being 0.6 g Fe in the l iv e r  fo r  a dose to the 
l iv e r  of 2 rem.
7.3 Photon Attenuation
Techniques making use of the absorption and scattering of photons ' in -  
v ivo ' have been used almost exclusively for the measurement of bone mineral 
in patients with metabolic bone disease.
H is to r ica lly ,  subjective judgements based on rad io log ica l c r i t e r ia  were 
used in the study of spinal osteoporosis i . e .  the biconcavity of a vertebral 
body estimated from routine la tera l radiographs of the thoracic and lumbar 
spine was used as an index of the skeletal status. Doyle (Do.67) c r it ic is ed  
this approach and called for more precise measurements in patients with 
spinal osteoporosis based on more sophisticated methods of measuring the bone 
mineral content of vertebral bodies.
7.3.1 Photon absorptiometry
Although generally known as photon absorptiometry this technique is 
more correctly  described as photon attenuation. In passing through a medium, 
photons may, as a result o f interactions, be e ither absorbed or scattered.
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The scattering process can be thought o f as a combination of absorption 
and emission, where the emission takes place in a new direction (Da.52).
The removal of photons from a collimated beam by either process is  termed 
attenuation.
The attenuation of a collimated beam o f photons in passing through 
a medium is dependent upon the linear attenuation coe f f ic ien t  of the medium. 
This in turn is a function o f the photon energy and the elemental constitution 
of the medium.
Measurement of the attenuation of a narrow collimated beam o f photons 
transmitted along a path through so ft  tissue and bone permits an estimate to 
be made of the mineral content of the bone.
Maximum discrimination between bone and so ft  tissue and maximum 
sen s it iv ity  fo r  measuring mineral loss in bone is obtained with low energy 
photons o f the order of 30 keV (E l .76). However,for body s ites  involving a 
long tota l path length for the photon beam, attenuation precludes the use 
of such low energies. In the case of such body s ites a higher photon energy 
gives better counting s ta t is t ic s .  Gamma rays of 60 lceV from 21+1Am have been 
used for those sites involving a tota l tissue thickness in excess o f 5 cm.
Disorders such as osteoporosis are observed primarily in cancellous 
bone and therefore i t  is desirable to measure the mineral content in cancellous 
rather than cort ica l bone. A measurement o f the mineral content of vertebrae 
would provide the best index of skeleta l status but the vertebrae are deeply 
set in so ft  tissue and they may be p a r t ia l ly  obscured by ribs so transmission- 
attenuation measurements on vertebrae are not feasib le .
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Consequently peripheral body s ites have been chosen. The os calcis 
has frequently been considered as a s ite  for photon transmission measure­
ments primarily because i t  is one of the few peripheral sources of weight 
bearing trabecular bone (So.67). The d ista l ends of the femur (Re.66) and 
ulna have also been used.
Mineral content measured by photon transmission is dependent upon bone 
width and therefore changes along the shaft of the bone. Unless the identica l 
s ite  is  selected, the precision of ser ia l measurements is adversely affected.
To overcome positional d i f f i c u l t i e s , techniques employing a stationary beam 
of radiation have been superseded by scanning techniques (We.70). Watt (Wa,73) 
examined the errors caused by the f in i t e  beam diameters and ve loc ity  o f scan 
for intermittent and continuous scanning. He also examined the re la t ive  
merit o f mono-energetic and duo-energetic beams. Mono-energetic beam scanning 
requires a constant sample thickness and this is obtained either by building 
up the so ft tissue thickness or by imersing the sample in a tank containing 
a known thickness of tissue equivalent f lu id . The duo-energetic technique 
is independent of the bone plus tissue thickness since this parameter can be 
estimated from a solution o f  the simultaneous attenuation equations. However, 
this technique is subject to a greater s ta t is t ic a l  inaccuracy than that 
obtained using the mono-energetic technique.
An attractive feature o f photon scanning is the minimal radiation hazard 
involved. West (We, 70) quotes a dose per femoral scan of less than 1 x 10-5Cy 
over a small tissue volume.
A major disadvantage of the photon attenuation methods is  the uncertainty 
in positioning. Spinks (Sp.79) circumvented this problem by taking a radio­
graph of the pa tien t ’ s forearm and an aluminium step wedge in a water bath.
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The photographic densities at selected points on the d ista l third of the 
ulna were measured and compared with the photographic density o f the step 
wedge.
7.3.2 Photon scattering
The density of a selected volume within a bone can be measured from the 
number of gamma rays scattered by the bone from a monorenergetic photon beam 
(C l .73). The principle of the technique is shown in Figure 7.1.
A collimated primary photon beam with energy E is used to irradiate 
the object under study. Photons which have been Compton scattered through 
an angle 0 with respect to the incident beam are detected with a collimated 
s c in t i l la t ion  detector. The energy of these scattered photons is:
El ' o ' 2 , s
E2 = — — ----------------  (7.1)
E1 (1-cos 0)+moc2 
where m^c2 is the rest mass of the electron.
The amount of scattered radiation detected is a function of the electron 
density within a volume defined by the projected intersection of the source 
and detector collimators.
A second photon beam with an energy equal to that of the photons 
scattered from the primary beam is used to make the measurement independent 
o f the attenuation suffered in the medium surrounding the selected volume.
The intensity o f the radiation scattered into detector 1, S1 from the 
volume element about 0 using the photon source of energy Ej is determined.
The object under study is  then rotated through 180° and a second measurement 
of the scattered intensity (Sfy is obtained. The product of these measured 
in tensities  is related to the electron density such that (We,76s):
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Photon source 
Energy E2
Photon source A 
Energy Ej
A' Detector 2
B'
Detector 1
Figure 7.1 I l lu s tra t ion  o f the Compton scattering technique 
showing the re la t ive  positions of the sources and 
detectors Phys. Med. Biol, (1976a) 21, No.5 p .761, 
C.E, Webber et a l. (with authors permission).
S iS2 a (^Pe eXP(~ J P j(x )dx )exp (-  
A c
P2(x)dx)
X exp (-
a
P j(x )dx )exp (-  | p2(x)dx) 
Af 0
(7 .2 )
where V is the defined volume element
Pg is the average electron density within this volume 
p^  and are the linear attenuation coe ffic ien ts  for photon
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E q u a tio n  (7 .2 )  can be r e w r i t t e n  as :
A’
SlS2a(Vpe>2eXp(~ j P1 X^>4x) 8XP( "  
A B
y 2 (x )d x ) (7 .3 )
Transmission measurements along AA1 and BB’ with photon energies E 
and E2 permit evaluation of the two line integrals. Thus
where K is the measured value o f the product of the two line integrals.
The constant of proportionality in equation (7.4) is determined from a 
measurement of a density standard and the electron density is then converted 
to mass density by including the average values of Z/A fo r  the sample and 
s tandard,
The sources selected should possess an intense component of the desired 
photon energy with no s ign ifican t gamma rays of higher energy which would 
unnecessarily increase the dose. The choice of scattering angle is 
determing by the angular distribution o f scattered photons and the 
a va i lab i l i ty  o f a suitable secondary source.
Garnett et al. (Ga.73) concluded that the optimum energy of the primary 
photon beam, based on considerations of dose and Compton cross-section, was 
of the order of 100 keV. At an incident energy of about 100 lceV scattered 
photons produce an almost isotrop ic  distribution, so the choice o f  large 
angle entails l i t t l e  less o f intensity.
ICO
Webber (We.74) used Sm as the primary photon source for measurement
o f bone density in the os ca lc is . 1.7 Ci o f 153Sm ( r , = 47h) was produced2
by n e u tro n  a c t iv a t io n  o f  p u re  Sm^O^ (98.3%  e n r ic h e d )  u s in g  the  5 MW
(7.4)
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McMaster University Nuclear Reactor, 153Sm decays with the emission of 
gamma rays of 103,2 keV and 69,7 keV which have yields of 28,2% and 4% 
respective ly .
Ninety degree scattering of 103.2 lceV photons produces scattered 
photons o f 85.9 keV. 170Tm has a h a l f - l i f e  of 129 d and emits 84.3 keV 
gamma rays with an intensity o f  9%. Therefore approximately 450 m Ci of 
170Tm was produced by neutron activation of pure Tm^ Og and used as the 
secondary photon source in the configuration shown in Figure 7.1. The 90° 
configuration provides the most symmetrical scattering volume within the os 
ca lc is ,
The intense characteristic I< X-rays associated with the decay o f these 
isotopes were reduced using cerium and gadolinium f i l t e r s  respectively.
Kennett examined the inherent sources of error associated with the 
technique (Ke.76). The e f fec ts  of f in i t e  geometry o f the scattering object 
and multiple scattering were examined. The e ffec ts  o f multiple scattering 
introduced by far the largest source of inherent error. This e f fe c t  produced 
a systematic error which depended on both the density and size of the 
object. However, a correction factor was derived from information collected 
during the density measurement.
A density measurement of the os calcis can be made in the order of 
3 minutes for a calculated dose of 1.6 x 10~3Gy. Webber (We.76) demonstrated 
that the precision of density for 26 phantom determinations over a period o f 
6 months was 1.5%. Further, a good correlation (r  = 0.74, p < 0.001) was 
found between density of the os calcis and body weight in 52 normal volunteers. 
0s calcis density was also measured in 16 patients with rad io logica l evidence 
of osteoporosis. The density measured for  each patient was less than that
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predicted from their body weight, and 75% were more than l.S.D. below 
the predicted density.
Whether the status of the os calcis is representative of the to ta l 
skeleton is a matter of contention. Using a scattering volume of 8.3 cm3, 
Adams found a good correlation between the densities o f  the os calcis and 
lumbar vertebrae taken from cadavers (r  = 0.94) (Ad.78). However, using a 
Compton scattering method, Luther (Lu,73) demonstrated a poor correlation 
between small samples taken from the os calcis and the f i r s t  lumbar 
vertebrum o f 50 cadavers. Adams suggested that this result may just r e f le c t  
the variations in patterns of trabecular bone within the os calcis and 
the vertebrum (Wh,74) and that the influence o f trabecular patterns may be 
reduced when a larger fraction of each bone is taken for  a measurement.
The Compton scattering technique has also been applied to the 
measurement o f lung density in patients with emphysema, pulmonary congestion 
and edema (Ga.77).
7.3.3 Computed tomography
In the measurement o f bone demineralisation the ideal non-invasive 
technique would measure the mass of bone mineral per unit volume of bone 
tissue. Photon absorptiometry y ie lds  no information regarding the volume 
of bone measured and although the bone volume interrogated can be determined, 
using the Compton scattering technique, the result obtained represents the 
average density o f  the inorganic and organic constituents within the volume 
of bone observed rather than the mass o f bone mineral per unit volume of bone 
tissue.
-  206 -
We therefore decided to investigate the fe a s ib i l i t y  of using a C.T. 
scanner to measure the mineral content of bone since i t  combines trans­
mission attenuation measurements with an accurate and precise determination 
of volume. C.T. Scanning has the additional advantage o f permitting the 
investigation o f  vertebral bodies, a region that is d i f f i c u l t  to study with 
the other techniques.
7.3.3.1 Sen s it iv ity  of the technique
The sens it iv ity  o f the technique in measuring mineral changes was 
investigated by scanning small polyethelene v ia ls  f i l l e d  with d if feren t 
concentrations of calcium and phosphorus. HgPO^  and Ca(N03) 2 4H20 were 
used to obtain concentrations of P and Ca ranging from 50% less to 50% 
greater than the normal concentrations in vertebrae as given for reference 
man (ICRP.23).
In the scanning procedure, the polyethelene v ia l  (2 cm in diameter x
7 cm length) was positioned in a water f i l l e d  lumbar phantom and scanned with
its  longitudinal axis para lle l to the plane o f the scan.
An EMI (5005) series C.T. scanner, at the Edward V II hospital in Midhurst
was used for the measurements. The scanner was operated at 140 K.V.p with
13 inch wedges in position. A matrix of 320 x 320 pixels (each p ixe l = 1 mm 
x 1 mm) and a slow scan (72s) were chosen with a fixed s l ice  thickness of 
13 mm. The slow scan ensures better s ta t is t ics  and can be used for cases where 
the anatomy being investigated is stationary.
The variation o f Hounsfield number (E.M.I, number) with phosphorus and 
calcium concentration is shown in Figures 7.2 and 7,3. The "normal" vertebral 
concentrations o f these two elements are indicated by arrows.
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Figure 7.2 The variation of Hounsfield number with phosphorus concentration.
The standard deviations o f the measurements indicate that concentration 
changes of less than about 20% could not be determined with any accuracy.
The volume of bone observed can be calculated quite simply as the 
product of a given number o f pixels and the s lice  thickness, In ser ia l 
measurements i t  is important that the patient is accurately repositioned 
and this could be achieved using the X'-ray tube of the scanner to generate 
an in-situ  plane film.
7.3.3.2 Morphology
In addition to the primary aim of determining the mass o f bone mineral 
per unit volume o f bone tissue, C.T. scans should enable the accurate 
evaluation of morphological changes in vertebrae in ser ia l measurements on
patients with bone disease.
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Figure 7.3 The variation of Hounsfield number with calcium concentration. _
The accuracy of determining the volume o f a single vertebrum was assessed 
by scanning a dried vertebrum (T12) from a cadaver. Successive s lices through
the vertebrum which was positioned in the lumbar phantom, are shown in
Figures 7.4, 7.5 and 7.6.
In figure 7.4 the body of the vertebrum shows up darker than the rest
of the vertebrum. This is a consequence of using dried bone since the
haversian canal system is fu l l  o f trapped a ir. The spinal canal is seen to 
be water f i l l e d .
The next s l ic e ,  where the centre of the scanning beam has been moved 
a la tera l distance o f 13 mm, is shown in figure 7.5. In this scan the spinous 
process can be seen in addition to the transverse processes.
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Figure 7.4 Computed tomography scan of a dried vertebrum (T12) 
in a w a ter- f i l led  lumbar phantom. 1st s l ic e .
Figure 7.5 Computed tomography scan of a dried vertebrum (T12) 
in a w a ter- f i l led  lumbar phantom. 2nd s l ic e .
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Figure 7.6 Computed tomography scan of a dried vertebrum (T12) 
in a w a te r- f i l led  lumbar phantom. 3rd s l ic e .
In the third s lice  only the spinous process, which protrudes dorsally 
to the vertrebum, is seen.
The dark artefact lines running from the top to the bottom of the 
picture in figures 7.4 and 7.5 are caused by the particular phantom used.
The phantom was a standard p lastic  lumbar phantom designed fo r  use in 
calibration procedures in whole body counting. I t  proved impossible to keep 
bolus in position around the protruding neck of the phantom and the resultant 
a ir  f i l l e d  voids produced the arte facts. However, those artefacts did not 
in terfere with any o f the measurements.
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The volume of each section or s l ic e  of the vertebrum was calculated 
by multiplying the area of the vertebrum, obtained from the scan, by the 
thickness o f the s l ice  (13 mm). The area of the vertebrum was determined 
by using a system incorporated into the computing f a c i l i t i e s  attached to 
the scanner. Using this system, the operator can move a bright spot (o f 
1 pixel in s ize) to and fro on the screen of the cathode ray oscilloscope 
by means of a "Joystick" type arrangement. Thus, r e la t iv e ly  crude outlines 
can be drawn from which the software calculates the enclosed area.
In figures 7.4 and 7.5 the volume o f the a ir containing section was 
included. The volumes of each s lice  were summed to obtain the total 
volume o f the vertebrum.
A displacement bott le  was designed to accurately measure the volume of 
a single vertebrum, as shown in figure 7.7. The ja r  comes apart at two 
ground glass surfaces allowing the inclusion of a r e la t iv e ly  large volume 
whereas the capillary tube arrangement for the displacement of water permits 
volume determinations to an accuracy of 0.25 cm3.
To ensure that the volume determined by displacement was equivalent 
to that obtained by scanning, the body of the vertebrum was smeared with a 
thin layer of vaseline before immersion in the displacement bo tt le .  This 
e f fe c t iv e ly  trapped a l l  the a ir  in the system of haversian canals.
The volume of the vertebrum was 27.25 ± .25 cm3 as measured by 
displacement and 36 ± 2 cm3 as measured by C.T. scanning. The discrepancy 
between these two measurements is thought to arise as a consequence o f the 
unsuitability o f using dried bone, containing trapped a ir ,  fo r  C.T. scanning. 
Using "fresh" specimens of bone i t  would be much easier to estimate the 
bone-tissue interface and hence volume from a C.T. scan. Best accuracy -would
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Figure 7.7 Displacement bott le  used to determine the vertebral 
volume.
be obtained by use of a s ta t is t ic a l  algorithm, which made use of the raw 
data (Hounsfield numbers) to determine the bone-tissue interface and hence 
the bone area and volume, rather than by a subjective determination of the 
bone-tissue interface using the system described above.
7.3.3.3 Accuracy
Weissberger et al. (We.78) made a theoretical study of the sen s it iv ity  
and accuracy of the technique using a mathematical model of osteomalacia. 
Osteomalacia was simulated by incrementally removing mineral and recomputing 
the modified gross density and elemental composition, assuming that nothing 
replaces the removed decrement of mineral.
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I t  was found that the change in the e f fe c t iv e  to ta l linear attenuation 
coe ff ic ien t  of bone per unit fraction o f mineral lost was about 8.6 times 
greater in cort ica l bone than in vertebral bone. This ratio  depends only 
on the in i t i a l  elemental compositions and densities o f the two types o f 
bone.
Further, the technique was found to depend upon the density and the 
elemental composition of bone. I t  was calculated that i f  osteomalacia 
develops in a vertebral body, the change in the e f fe c t iv e  to ta l linear 
attenuation coe f f ic ien t ,  measured using a typical 120 K.V. C.T. X-ray 
spectrum, is due in roughly equal proportions to the change in bone density 
and the change in the elemental compostion of the bone. Spectral changes 
due to mineral loss from the bone were estimated to result in 0.13% additional 
apparent mineral loss per 1% actual mineral lost.
Glucose-HgO solutions were put in syringes and scanned in a water 
phantom using a water bath and an EMI neurological scanner, model 1000. I t  
was concluded that the machine was capable o f resolving a ±IHounSfield number 
change corresponding to a 1% change in the mineral content of a vertebrum.
The 5005 series whole-body scanner at the King Edward VII hospital at 
Midhurst does not have a water bath and is not capable o f  achieving the 
unusually high precision of the model 1000 neurological scanner. The 
accuracy obtained with this machine is  shown in tables 7.1 and 7.2. The 
two female patients were not known to suffer from bone disease and were 
scanned for other reasons.
The mean EMI numbers for the transverse processes are much greater 
than those for the vertebral bodies re f le c t in g  the higher mineralisation 
of the transverse processes. The r e la t iv e ly  higher standard deviations 
obtained for the transverse processes are due to the r e la t iv e ly  small area
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Age (44 y ea rs ) Sex (Female)
Body o f  V ertebrae Transverse Process
Vertebrae
(Area used » 308 p ix e ls )  (Area used = 52 p ix e ls )
Mean EMI Standard Mean EMI Standard
number d ev ia tio n number d ev ia tio n
T6 95 17 242 78
T7 46 23 340 68
T8 133 23 199 56
T9 88 17 318 65
T10 105 19 227 54
T i l 104 18 255 102
T12 107 18 238 78
LI 118 16 314 117
L2 85 16 2 72 102
L3 107 17 242 109
L4 98 19 339 138
15 100 IS 242 77
EMI Scanner (5005 s e r ie s ) ,  140 kVp, 13 inch wedges 
Slow scan ( 72s ) ,  320 x 320 p ix e ls ,  S l ic e  th ickness = 13 mm
Table 7.1 The variation o f Hounsfield number along a length of the 
spine in a patient not known to su ffer from bone disease.
(52 p ixe ls ) used to determine the mean EMI number compared to the area 
used (308 p ixe ls ) fo r  the vertebral bodies.
For both patients the variation in EMI number for the vertebral bodies 
from L5 to T6 is less than about three standard deviations with the exception 
of T7 in table 7.1 where the mean EMI number is very low.
Parker et a l. (Pa .79) investigated the poss ib il ity  o f using the 
quantitative anatomical data inherent in a C.T. scan to correct fo r  tissue 
inhomogeneities in radiotherapy treatment planning. Using a whole body C.T. 
scanner which is at the apex o f the present "state o f  the art", i t  was
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Age (21 y ea rs ) Sex (Female)
Body o f  V ertebrae Transverse Process
Vertebrae
(Area used = 308 p ix e ls )  (Area used = 52 p ix e ls )
Mean EMI Standard Mean EMI Standard
number d ev ia tio n number d ev ia tio n
T7 107 18 215 94
T8 105 33 240 81
T9 125 17 242 63
T10 100 15 247 84
T i l 92 18 270 89
T12 102 13 210 70
LI 101 16 326 104
L2 96 17 292 83
L3 95 17 306 141
L4 101 14 205 63
L5 97 14 376 106
EMI Scanner (5005 s e r ie s ) ,  140 kVp, 13 inch wedge s
Slow scan ( 72s ) ,  320 x 320 p ix e ls , S l ic e  th ickness = 13 mm
Table 7.2 The variation o f  Hounsfield number along a length of the 
spine in a patient not known to su ffer from bone disease.
concluded that the accuracy of the C.T. numbers is limited in both a random 
and a systematic manner, due to machine reproducibility and variations induced 
by the patient, with an uncertainty amounting to 35 EMI units.
}( At present, the accuracy of EMI number depicted in tables 7.1 and 7,2
is typical of that which can be achieved with a whole body scanner. However, 
future development w i l l  inevitab ly result in an increase in the accuracy as
machine reproducibility is  improved and better algorithms are implemented 
which w i l l  take into account perturbations induced by the patient.
I
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Despite the inherent d i f f ic u l t ie s  and lim ita tions, the various 
photon attenuation techniques are capable of providing valuable c l in ica l  
data on bone demineralisation.
In a more general framework, Kouris and Spyrou (Ko.78) have examined 
the usefulness o f photon mass attenuation coeffic ien ts  in elemental analysis. 
Values were calculated o f the 'minimum detectable fraction ' for each element 
(Z = 1-92) which i f  introduced into water would change the mass attenuation 
coe ff ic ien t  o f water by 1%, at energies varying from 1 keV to 1 MeV.
S ta t is t ica l requirements were derived relating to the number of photons 
detected a fter  transmission through a given sample thickness, The authors 
pointed out that for multielemental analysis in a bulk matrix i t  would be 
necessary to use at least as many d if fe ren t energies as there are elements 
to be determined assuming that the mass attenuation coe ff ic ien ts  o f the 
bulk matrix is known.
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An irradiation and detection f a c i l i t y  has been designed which, fo r  
a low capital expenditure, permits the measurement of prompt and delay gamma 
rays emitted from an object of fa i r l y  large dimensions e .g . the lumbar 
region o f the human trunk.
A neutron source was used with a total neutron emission rate of
1,1 x 107ns_1. The low neutron emission rate necessitated the proximity 
of the neutron source, phantom and the gamma ray detector. Despite this, 
acceptable uniformity of thermal neutron flux was obtained in the phantom 
and an acceptably low dynamic gamma ray background was achieved.
The detection o f prompt y-rays in the energy range 0-11 MeV yielded 
information on the large variation in the dynamic background produced by 
the neutron source and the damaging neutron interactions with the gamma 
ray detector.
The detection lim its (ppm) fo r  Na, Cl and N obtained by measuring 
their prompt gamma emissions indicated that the prompt gamma ray technique 
could be used to measure changes in concentration o f these elements in-v ivo . 
Conversely, i t  was found that Ca and P could not be measured at an acceptable 
leve l of dose delivered.
However,"normal" spinal concentrations o f Ca and P as well as "normal" 
so ft-tissue concentrations of Na and Cl could be measured in the more 
conventional manner by counting of delay gamma rays using a 12.5 cm x 12.5 cm 
Nal(T l) detector in a low background environment.
CHAPTER 8
CONCLUSIONS AND FURTHER WORK
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I t  has been demonstrated that the prompt gamma ray technique can 
be used to measure small changes in the "normal" concentration of cadmium 
in the l iv e r  and kidneys. Further, information present in the gamma ray 
spectrum can be used to determine the mean depth of an organ permitting 
corrections to be made where the activation and detection is known to be 
non-uniform.
An investigation of the sen s it iv ity  of the technique for the measurement 
o f  trace elements ’ in -v ivo ' revealed that i t  should be possible to measure S 
at concentrations s l igh t ly  in excess o f "normal" values and iron concentrations 
which are a factor of ten greater than "normal" values. However, fo r  the 
other trace elements of in terest the detection lim its were several orders o f 
magnitude greater than the "normal" concentrations in tissue i . e .  Zn, Mg and 
Cu (102X "normal" concentrations), Mn (103X "normal" concentrations) and Se,
Mo, Co and Al (lO^X "normal" concentrations).
Optimum values o f  experimental parameters were calculated for  cyc lic
activation of short lived  radionuclides. The re la t ive  merit of this technique
was demonstrated for the detection of oxygen in-vivo. I t  was found that
cyc lic  activation o f 160 v ia  180 (n ,p )16N ( t^  = 7s) using an Na l(T l) detector2
to measure the 6130 keV gamma rays from 16N was more sensitive than activation
o f 180 v ia  180 (n ,y )190 ( t , = 29s) using a Ge(Li) detector to measure the
2
197 keV gamma rays from 190.
The re la t iv e ly  short h a l f - l i f e  of 28A1 ( t t =2 . 3  min), which is produced
2
by the fast neutron induced reaction 31P (n ,a )28Al, suggests the use o f cyc lic  
activation for  the measurement of body phosphorus. The interference resulting 
from activation of the aluminium detector canning could be eliminated by use 
of d ifferen t canning materials. A lternative ly , asynchronous cycling o f the
-  219 -
neutron source and the gamma ray detector could prevent such interference 
from being produced, Asynchronous cycling would also resu lt in the more general 
benefic ia l e f fe c t  o f increased sen s it iv ity  due to the resultant more favourable 
detection geometry i . e .  a reduction in the distance from the phantom to the 
detector,
Cyclic activation analysis could also be used to measure small changes 
in the "normal" concentration of Se in the l iv e r  v ia  the reaction 76Se (n,y)
77mSe ( t , = 17.5s)
2
I t  has been shown that neutron spectra in a phantom can be determined 
with re la t ive  ease through the use o f a set o f threshold monitors. In any 
programme o f in-vivo activation analysis the importance of determining neutron 
spectra and thereby obtaining a knowledge o f  the radiobiological e f fe c t  is 
se l f-ev id en t.
In the irradiation f a c i l i t y  described in this work, the large distance 
between the resting position and the irradiation position o f the neutron 
source ensured that the dose rate at the irradiation position, when the 
source was in its  resting position, was diminished due to the inverse square 
law e f fe c t .
A new irradiation f a c i l i t y  has been designed in which the resting 
position of the source is in a d if fe ren t horizontal plane to the irrad iation  
position. Consequently, since neutrons trave lling  from the resting position 
to the irradiation position must travel through shielding material rather 
than a void, adequate radiation protection can be achieved with a much 
more compact fa c i l i t y ,  In this f a c i l i t y  the neutron source would be cushioned 
from impact at the end o f its  tra jectory by means of a "b low-off" valve.
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Using this f a c i l i t y  there would be no need to encapsulate the source in a 
teflon capsule and therefore the neutron spectrum incident upon a phantom 
would be harder i . e .  i t  would consist o f a greater proportion of neutrons 
with higher energies.
Many factors must be taken into account when designing irradiation 
and detection f a c i l i t i e s .  The neutron source must be adequately shielded 
so as to protect personnel and the y-ray detectors. Hydrogenous materials 
impregnated with lithium or boron are e f fe c t iv e  in shielding against neutrons 
and lead or bismuth can be used to shield against y-rays.
The neutron flux in an irradiated phantom should be maximised consistent 
with achieving an acceptable degree of flux uniformity.
I t  is suggested that the Monte Carlo method would prove to be very 
useful in examining a l l  o f these aspects of design. I t  could be used to 
examine the neutron albedo properties o f various materials. A material with 
a high neutron albedo could then be placed behind the neutron source to 
r e f le c t  neutrons and so boost the neutron flux emitted in the direction of the 
phantom. '
I t  is possible to improve the uniformity of activating flux by placing 
a thin sheet of cadmium between the neutron source and the phantom and by a 
judicious choice o f the source to skin distance,the magnitude of the flux 
can be kept constant. The Monte Carlo technique could be used to calculate 
the optimum thickness o f such a sheet and its  optimum position with respect 
to the source and the phantom.
The dynamic y-ray background from neutron in e lastic  scattering events 
interferes with prompt gamma ray measurement. The modelling of neutron
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interactions and transport in the phantom would permit the determination 
of optimum timing parameters for  "gating" the y-ray detectors so that only 
prompt y-rays are detected.
I t  is extremely d i f f i c u l t  to make intercomparisons between detection 
limits obtained with one f a c i l i t y  and the detection lim its l ik e ly  to be 
obtained using a d if fe ren t f a c i l i t y .  However, i t  is f e l t  that the results 
obtained with the simple prototype system described above indicate that there 
is scope in the f ie ld  of in-vivo activation analysis fo r  the further 
investigation of the techniques of prompt gamma ray analysis and cyc lic  
activation analysis. Both techniques make use of information which is 
generated during conventional procedures i . e .  when delay measurements are to 
be obtained. Therefore, they could be implemented without the patient 
incurring any extra dose.
The poss ib il ity  of measuring bone mineral by computed tomography 
scanning was explored. The present state of the art, taking into account the 
hardware and the algorithms used, is such that the resultant uncertainty 
in the Hounsfield numbers obtained limits the accuracy of the determination of 
bone mineralisation using a whole body scanner to the order of ± 15%.
I f  the accuracy of the measurement of bone mineral by computed tomography 
could be improved i t  would permit the absolute determination of bone mineral 
per unit volume of bone. This index has a much greater c l in ica l  value than those 
obtained by the other techniques of photon attenuation and scattering. Since 
C.T. scanners have been designed for  use in the f i e ld  of imaging rather than 
in in-vivo elemental analysis i t  would seem reasonable that development with a 
view to performing elemental analysis would result in a fa i r ly  substantial 
improvement in the accuracy obtainable.
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Presently the study of bone disease is limited to those centres 
with access to IVNAA f a c i l i t i e s .  However, i f  the accuracy of the C.T. 
scanning technique is improved then the study and treatment of patients 
with bone disease could take place on a much wider basis since C.T. whole 
body scanners have now been insta lled  at most regional hospitals in 
England and Wales.
-  223 -
REFERENCES
Adams C.H. and Webber C.E. (1978) "Progress in photon scattering measurements 
of bone density" Procedings o f the 4th INternational Conference on Bone 
Measurement. Toronto, Canada.
Agard E.T., Jervis R.E. and McNeill K.G. (1970) Health Physics, 19, p .330.
A l-H it i  K . , Thomas B.J., A l-Tilcrity S.A., Ettinger K .V ., and Fremlin J.H.
(1976) In t, Jour, of Appl. Rad. & Iso t .  27, p .97-102.
Aloia J .F . , Roginsky M.S., Jowsey J .,  Dombrowski C.S., Shukla K.K. and
Cohn S.H, (1972) Journal o f C lin ica l Endocrinology and Metabolism 35, 
p .543-551.
A loia J .F .,  Roginsky M., E l l is  K. , Shukla K. and Cohn S. (1974) Journal 
of C lin ica l Endocrinology and Metabolism, 39, p .981-985.
A l-T ik r ity  S.A. , Dabelc J .T .,  Thomas B.J., A l-H it i  K . , Dykes P.W. and Fremlin 
J.H. (1976) "Measurement o f l i v e r  copper by part ia l body neutron 
activation analysis" Second Conference on progress and problems in in-vivo 
activation analysis. East K ilbride, 1976.
Anders O.U. (1960) Analytical Chemistry, 32, No. 10, p .1368-1369.
Anders O.U. (1961) Analytical Chemistry, 33, No. 12, p .1706-1709.•
Anderson J ., Osborn S.B., Tomlinson R.W.S., Newton D ., Rundo J .,  Salmon L . , 
Smith J.W. (1964) Lancet 2, p .1201-1205.
Anderson J . ,  Tomlinson R.W.S., Battye C.K. and Osborn S.B. (1967) "Total 
body sodium, and chlorine by whole body neutron activation" p .111-122 
Compartments, pools, and spaces in medical physiology. U.S.A. E.C.
Oak Ridge, Tennessee.
Anderson M.E. and Bond W.H. (1963) Nuclear Physics 43, p .330-338.
A tt ix  F .H ., Theus R.B. and Rogers C.C. (1975) "Measurement of dose components 
in a n-y f i e ld "  p .329-339 Proceedings of Second Symposium on Neutron 
Dosimetry in Biology and Medicine, Neuherberg, Germany. EUR-5273, Ed. 
Nurger G. and Ebert H.G., Commission of the European Communities, Luxemberg
-  224 -
Penetration in Tissue" p. 275-316 Radiation Dosimetry Vol. 1 Ed.
A tt ix  F.H. , Roesch W.C. and Tochilin E., Academic Press, New York and 
London.
Bach R.L. and Caswell R.S. (1968) Radiation Research, 35 p .1-25.
Baedecker P.A. (1971) Analytical Chemistry, 43, No. 3 p .405-410.
Bartholomew G.A., Doveika A ., Eastwood K.M., Monaro, S., Groshev L .V . ,
Demidov A.M., Pelekhov V .I .  and Sokolovskii L.L. (1967) "Compendium of thermal 
thermal neutron capture y-ray measurements, Z £ 46", Nuclear Data, section 
A, 3, p .367-650.
Bateman J .L ,,  Rossi H.H., Kellerer A.M., Robinson C.V. and Bond V.P. (1972) 
Radiation Research 51, p .381-390.
Battye C.K., Tomlinson R.W.S., Anderson J. and Osborn S.B. (1967) "Experiments
relating to whole body activation analysis in man in-vivo using 14 MeV
incident neutrons", p .573-582. Nuclear activation techniques in the l i f e  
sciences. I .A .E .A ., Vienna.
Battye C.K., Knoght V., Marshall T .O ., Knight A. and Godfrey B.E. (1971)
Nucl. Instr. Meth. 92, 601-607.
BauGr F.K. (1965) "Radioisotope dilution methods: Measurement of body
Composition", Ch. 18, Nuclear Medicine (Blahd W.H., Ed.) McGraw-Hill,
New York.
Bauar F.K. (1973)"Body composition in human bio logy" p .1-13 In-vivo neutron 
activation analysis. I .A .E .A . , Vienna.
Baumgartner W.V., Brackenbush L.W. and Unruh C.M. (1966) "A new neutron 
and high-energy part ic le  dosimeter fo r  medical dosimetry applications" 
p .381-389 Symposium on Solid State and Chemical Radiation Dosimetry in 
Medicine and Biology I .A .E .A ., Vienna.
B.E.I.R. (1972) The E ffect on Populations of Exposures to Low Levels of 
Ionizing Radiation. National Academy of Science, National Research 
Council, Washington, D.C.
Becker K. (1972) "Dosimetric Applications o f Track Etching" p .79-142
Topics in Radiation Dosimetry, supplement 1. Ed. A tt ix  F. H., Academic 
Press, New York and London.
A u x ie r  J . A . ,  S nyder W.S. and Jones T .D , (1968) "N e u tro n  IN te r a c t io n s  and
-  225 -
Behrens C .F ., King E.R. and Carpender J.W.J. (Eds.). 1969. Atomic Medicine. 
The Williams and Wilkins Company, Baltimore.
Belcher E.H. and Vetter H. (Eds.) (1971). Radioisotopes in medical diagnosis. 
Butterworth.
Bell C.M.J., Leach M.O. and Fremlin J.H. (1979) Third conference on progress 
and problems in in-vivo activation analysis, Newcastle, 1979.
Bell V.J. (1968) National Bureau of Standards Report No. 229, 2, p . 1089.
Berman M. (1967) "The Iodine Pool" p .349-359. Compartments, pools and spaces 
in medical physiology (Bergner P.E. and Lushbagh C.C. Ed.) U.S.A. E.C.,
Oak Ridge, Tennessee.
Bernhard C. (1878) Les Phenomenes de la v ie .  Paris. "Lectures on the
Physiological Properties and the Pathological A lterations o f the liquids 
of the Organism" reproduced in Homeostasis, orgins of the concept. Ed. 
Langley L .L . , Dowden, Hutchinson and Ross Inc. Stroudsburg, 1973.
Bewley D.K, (1968a) Radiation Research 34, p .437-455.
Bewley D.K. (1968b) Radiation Research 34, p .456-458,
Bewley D.K. and Parnell C.J. (1969) British Journal of Radiology, 42 p .281
Biggin H.C. , Chen N.S., Ettinger K.U., Fremlin J .H ., Morgan W.D. and Nowotny 
R. (1972) Nature New Biology, 236, p .187-188.
Bigler R.E., Laughlin J .S ., Davis R. and Evans J.C. (1973) Radiation Research 
55, p .570.
B igler R.E., Laughlin J .S ., Davis R. and Evans T.C. (1974) Radiation Research 
59 , p .86.
B igler R.E., Woodard H.Q., Laughlin J.S. and Stoenner R.W. (1975) Radiation 
Research, 62, p .590.
B ig ler R.E. and Laughlin J.S. (1976) Radiation Research 67, p .266-276.
Boddy IC. (1967a) Phys. Med. B iol. 12, 1, p .43-50.
Boddy K. (1967b) Br. J. Radiol. 40, p .631-637.
Boddy K. and Alexander W.D. (1967c) "C lin ica l experience o f in-vivo activation 
analysis o f  iodine in the thyroid gland" p ,583-594 Nuclear activation 
techniques in the l i f e  sciences, I .A .E .A . , Vienna.
Boddy IC. (1967d) Br. J. Radiol. 40, p .638-640.
-  226 -
Boddy K., Al-Hashimi S.A.M. and Boyle I .T .  (1968a) S.R.R.C. 30/68.
Boddy K . , Harden R.G. and Alexander W.D. (1968b) Journal of C lin ica l 
Endocrinology and Metabolism 28, No. 2 p .294
Boddy K . , Dennis J.A. and Lawson R.C. (1969) Phys. Med. B io l. 14, No. 3, 
p. 471-480.
Boddy K . , East B.W. and Robertson I ,  (1970) Int. Jour, of Appl. Radiat. and 
Iso t . 21, p .500-503.
Boddy K . , King P.C., T o th i l l  P. and Strong J.A. (1971) Phys. Med. B io l.
16, 2, 275-282.
Boddy K . , King P.C., Lindsay R.M., Winchester J . , Kennedy A.C. (1972a)
British Medical Journal 1, 140-142.
Boddy K., King P.C., Lindsay R.M., Briggs J .D ., Winchester J.F. and Kennedy A.C. 
(1972b) British Medical Journal 1, 771-775.
Boddy K . , Glaros D. and Robertson I .  (1972c) p .217-219 In-vivo neutron 
activation analysis I .A .E .A . , Vienna.
Boddy K., Holloway I .  and E ll io t tA .  (1972d) "Preliminary results o f measuring 
to ta l body phosphorus and nitrogen with a new f a c i l i t y  fo r  total-body 
in-v ivo  activation analysis" p .135-137. In-vivo Neutron Activation Analysis 
I .A .E .A . , Vienna, 1973.
Boddy K., Holloway I . ,  E l l io t tA . ,  Glaros D ., Robertson I .  and East B.W. (1972e) 
"Low-cost f a c i l i t i e s  fo r  partial-body and total-body in -v ivo  activation 
analysis in the c l in ica l  environment". Nuclear Activation Techniques in 
the L i fe  Sciences (Proc. Symp. Bled., 1972) I .A .E .A ., Vienna, 1972.
Boddy K., Holloway I .  and E l l i o t t  A. (1973a) "Preliminary results of measuring 
total-body calcium with a new f a c i l i t y  for total-body in-vivo activation 
analysis" In-vivo neutron activation analysis, I.A .E .A ,, Vienna.
Boddy K., Holloway I .  and E l l i o t t  A. (1973b). Int. Jour, o f Applied Rad. 
and Iso t . 24, p .428-430.
Boddy K. and Glaros D. (1973c) In t. Jour, o f Appl. Rad. and Iso t. 24, p .179-182.
Boddy K . , East B.W. and Robertson I .  (1973d) "A review of the technique of
measuring the intrathyroidal content o f iodine in man by in-vivo activation 
analysis" p .79-86. In-vivo neutron activation analysis. I.A .E .A ., Vienna 
1973.
-  227 -
Boddy K., Hume R . , King P.C., Weyers E. and Rowan T. (1974a) C lin ica l 
Science and Molecular Medicine 46, 449-456.
Boddy K., Robertson I .  and Glaros D. (1974b) Phys. Med. B io l. 19, No. 6, 
p. 853-861.
Boddy K . , Holloway I .  and E l l i o t t  A. (1974c) Phys. Med. B io l. 19, No. 3 
p .379-381.
Boddy K . , King P.C. and Carswell F. (1975a) C lin ica l Science and Molecular 
Medicine 49, 133-137.
Boddy K . , E l l i o t t  A., Robertson I . ,  Mahaffy M.E. and Holloway I .  (1975b)
Phys. Med. B io l. 20, No. 2 p .296-304.
Boddy IC., Glaros D. and Robertson I .  (1975c) Phys. Med. B io l. 20, No. 1, 
p .80-87.
Boddy IC. Hume R. White C, Pack A ., King P.C., Weyers E., Rowan T. and M ills  E 
(1976a) C lin ica l Science and Molecular Medicine, 50, 455-461.
Boddy IC., T o th i l l  P .,  Simpson J .D ., Smith M., Macpherson J.N., Merrick M.V. 
and Strong J.A. (1976b) "A preliminary report on c l in ica l  experience of 
part ia l body in-vivo activation analysis using a califormium -252 
f a c i l i t y "  International Symposium on californium -252 u t i l isa t ion
Brussels.
Bollinger L.M. (1964) "The (n,y) Spectroscopy" p .347-370 Nuclear structure 
study with neutrons. North Holland Publishing Company, Amsterdam.
Bonnett D.E. and Parnell C.J. (1976) Conf. on Neutron dosimetry in medicine 
and b io logy, Munich, Published by EEC p .43-47 "The variation with depth 
in a phantom o f the energy spectrum of the neutron beam produced by the 
MRC cyclotron".
Booker D .V., Journal o f  Radioanalitical Chemistry 48, (1979) p .83-90.
Bothe W. (1943) Zeits. angew Pliysilc, 120, p .437.
Bowman W.W. (1971) Nuclear Instruments and Methods 96, p .135.
Brenner D.J. and Reading D.H. (1977) "A method fo r  measuring neutron spectra 
in a stopping pion f i e ld "  RL-77-138/A.
Broerse J.J. and Barendsen G.W. (1968) "The importance o f secondary part ic le  
equilibrium for neutron irradiations o f cultured ce lls  and intact 
organisms" p .353 Proceedings of the F irs t  Symposium on Microdosimetry 
Ispra, I ta ly  EUR-3747.
-  228 -
Burch P.R.J. and Spiers F.W. (1953) Nature, 172, 519.
Burger G. and Maier E. (1976) "Data for  uncertainty analysis in applied mixed 
f i e ld  dosimetry" Monograph on Basic Physical Data fo r  Neutron Dosimetry 
EUR 5629e.
Burkinshaw L. and Cotes J.E. (1973) C lin ica l Science 44, 621-625.
Burkinshaw L . ,  H i l l  G.L., Morgan D.B. and Siwek R.A. (1979) "Determination of 
body composition: A comparison o f in-vivo neutron activation analysis 
with other techniques" Third conference on progress and problems in 
in-vivo activation analysis. Newcastle, 1979.
Burlin T.E. (1968) "Cavity-Chamber Theory" p .331-392. Radiation Dosimetry.
Vol. 1, Ed. A tt ix  F.H. and Roesch W.C., Academic Press, New York and London.
Buttler K. (1979)Private communication. MRC Cyclotron Unit, Hammersmith 
Hospital, London.
Caldwell R.L. M ills W.R., Allen L .S ., Bell P.R. and Heath R.L. (1966) Science, 
152, p .457-465.
Carlmarlc B. and Reizenstein P. (1972) "Human Body Composition Studies I .
Neutron Activation o f Total Body Hydrogen and Whole Body Counting" p .113-126. 
In-vivo Neutron Activation Analysis I.A .E .A ., Vienna, 1973.
Carter L.L. and McCromick N.J. (1970) Nuclear Science and Engineering 39, 
p .296-310.
Carter L.L. (1971) Los Alamos Report LA-4488.
Carter L.L. and Ashwell E.D, (1975) Particle-Transport Simulation with the 
Monte Carlo Method, RID-16607, U.S. Department of Commerce.
Cashwell E.D., Neergaard J .R . , Taylor W.M. and Turner G.D, (1972) Los Alamos 
Report LA-4751.
Caswell R.S. and Coyne J.J. (1972) Radiation Research 52, p .448-470.
Caswell R.S,, Coyne J.J. Randolph M.L. (1974 "Studies of Energy Deposition by 
Neutrons" Proceedings of 2nd Symposium on Neutron Dosimetry in Biology and 
Medicine, p .29-42, Munich, Published by the Commission of the European 
Communities, Luxembourg, 1975.
Caswell R.S. (1977) Appendix A, Kerma Factors. ICRU Report 26.
Catto G.R.D. McIntosh J.A.R, and Macleod M. (1973) Phys. Med. B iol. 18 No. 4. 
p. 508-517.
-  229 -
Chamberlain M.J., Fremlin J .H ., Peters D.K. and Philip  H. (1968a) B rit .
Med. Jour. 2, p .581-583.
Chamberlain M.J., Fremlin J.H., Peters D.K. and Philip  H. (1968b) B rit . Med. 
Jour. 2, p .583-585.
Chamberlain M. J. , Fremlin J .H ., Holloway I .  and Peters D.K. (1970) Int.
Jour, of Applied Radiation and Isotopes, 21, p .725-734.
Chesnut I I I  C.H., Baylink D.J. and Nelp W.B. (1979) "Calcitonin, and Stanozolol, 
in Postmenopausal Osteoporosis: Preliminary Results". Third Conference 
on Progress and Problems o f In-vivo Activation Analysis, Newcastle 1979.
Chettle D. Third conference on progress and problems in in-vivo activation 
analysis, Newcastle 1979.
Chueca A., Worwood M. and Taylor D.M. (1969) In t. Jour, of Applied Radiat. 
and Isot. 20, p .335-340.
Clarke R.L. and Van Dyk G. (1973) Physics in Medicine and Biology 18, p .532-539.
Cohn S.H., Dombrowski C.S., Pate H.R. and Robertson J.S. (1969) Phys. Med.
B iol. 14, No. 4, p .645-658.
Cohn S.H., Dombrowski C.S. and Fairchild R.G. (1970) In t. Jour, o f Appl. Rad. 
and Isot. 21, p .127-137.
Cohn S.H. and Dombrowski C.S. (1971) J. Nucl. Med. 12, p .499
Cohn S.H., Shukla K.K., Dombrowski C.S. and Fairchild R.G. (1972a) "A to ta l-
body neutron activation f a c i l i t y  employing partable (a,n) sources developed 
for medical research" p .605. Nuclear Activation Techniques in the L i fe  
Sciences, I .A .E .A . , Vienna,
Cohn S.H., Cinque T .J . , Dombrowski C.S. and Letten J.M. (1972b) Journal of 
Laboratory and C lin ica l Medicine, 79, p .978-994.
Cohn S.H., Fairchild R.G. and Shukla K.K. (1973) Phys. Med. B iol. 18, No. 5 
p .648-657.
Cohn S.H., Roginsky M.S., A loia J .F ,,  E l l is  K.J. and Shukla K.K. (1973)
Journal of C lin ica l Endocrinology and Metabolism, 36, No. 4, p .750-755.
Cohn S.H. and Palmer H.E. (1974a) International Journal o f Nuclear Medicine and 
Biology 1, p .155-165.
-  230 -
Cohn S.H., Shukla K.K. and E l l is  K.J. (1974b) Journal of Nuclear Medicine 
and Biology 1, p .131-134.
Cohn S.H., Vartsky D. and E l l is  K.J. (1979) Recent developments o f prompt 
gamma neutron activation analysis" Third conference on progress and 
problems in in-vivo activation analysis, Newcastle 1979.
Comar D. and Kellershohn C. (1967) "Applications medicales de 1 'analyse par
radioactivation" p .403, Nuclear Activation Techniques in the L ife  Sciences 
(Proc. Symp. Amsterdam 1967) I.A .E .A ., Vienna 1967.
Comar D., R iviere R . , Maziere B. and Kellershohn C. (1970) 9th Int. Symp. 
Radioactive Isotopes in C lin ica l Medicine and Research (Proc. Symp. Bad. 
Gastein 1970) Urban and Schwarzenberg, Munich 1970.
Coppola M. (1976) "Considerations on some uncertainties in the determination of
absorbed doses" Monograph on Basic Physical Data fo r  Neutron Dosimetry,
EUR 5629e.
Cove 11 D.F. (1959) Analytical Chemistry 31 p .1785-1790.
Cvelbar F ., Hudolclin A., Mihailovic M.V. , Najzer M. and Ramsak V. (1963)
Physics Letters 3, No. 7, p .364-366.
Curry A.S. and Knott A.P. (1970) C linica Chimica Acta 30, p . 115-118.
Davison C.M. and Evans R.D. (1952) Review Modem Physics 24, p.79-.
Dayton I.E. and Pettus W.G. (1957) Nucleonics, 15, No. 12, p .86-88.
Delwaide P .,  Verly W.G., Colard J. and Boulenger R. (1963) Health Physics,
9, 147.
Denney J.D., Sherrard D .J ., Nelp W.B., Chesnut I I I  C.H., Baylinlc D.J. , Murano 
R. and Hinn G. (1973) Journal o f  Laboratory and C lin ica l Medicine 82, 
p .226-240.
Dennis J.A. (1973) Physics in Medicine and Biology 18, 379.
DiCola G. and Rota A. (1965) Nuclear Science and Engineering 23, p . 344-353.
Dousset M.H., Harmard J. and Ricourt A. (1971) Physics in Medicine and 
Biology 16, p .467-478.
Doyle F.H., Gutteridge D.H., Joplin G.F. and Fraser R. (1967) The British 
Journal o f Radiology 40, No. 472, p .241-250.
Dudley R.A. (1966) "Dosimetry with Photographic Emulsions" p .325-387
Radiation Dosimetry V o l .11, Ed. A tt ix  F.H. and Roesch W.C. Academic 
Press, New York and London.
-  231 -
Duffey D ., El-Kady A. and Senftle F.E. (1970) Nuc. Instr. and Methods 
80, p .149-171.
Eckhoff N.D. (1969) Nuclear Instruments and Methods 68, p .903-102.
Edwards A.A. and Dennis J.A. (1975) Physics in Medicine and Biology 20, 
p .395-409.
Elcins R.P. (1959) Phys. Med. B io l. 4, 182-184.
E l le t t  W.H., Browness G.L. and Reddy A.R. (1968) Physics in Medicine and 
Biology 13, No. 2, p .219-230.
E l l i o t t  A ., Holloway I . ,  Boddy IC. , Haywood J.IC. and Williams D, (1978)
Phys. Med. B iol. 23, No. 2, p .269-281.
E l l is  K .J . , Vaswani A ., Zanzi I .  and Cohn S.H. (1976) Metabolism, c l in ica l  
and experimental 25, No. 6, p .645-654.
E l l is  IC.J., Vartsky D. and Cohn S.H. (1978) "A mobile prompt gamma in-vivo neut­
ron activation f a c i l i t y "  Symposium on Nuclear Activation Techniques in the 
L i fe  Sciences I .A .E .A . , Vienna 1978.
E ll is  R.E. (1979) "Acceptable doses for in-vivo activation analysis” Third 
conference on progress and problems of in-vivo activation analysis,
Newcastle.
Elsasser U ., Ruegsegger P, (1976) American Journal of Roentgenology 126, 
p .1275-1277.
Emery E.W. (1966) "Geiger-Muller and proportional counters" p .73-122, Radiation 
Dosimetry, Volume I I ,  Ed. A t t ix  F.H, and Roesch W.C., Academic Press, New 
York and London.
Evans C.J., Cummins P .,  Dutton J . , Morgan W.P., Sivyer A. and Ghose R.R. (1978) 
"A californium 252 fa c i l i t y  fo r  the in-vivo measurement of organ cadmium" 
Int. Symp. on Nuclear Activation Techniques in the L i fe  Sciences, I .A .E .A ., 
Vienna, 1978.
Evans C.J., Cummins P .,  Dutton J . ,  Morgan W.D., Sivyer A. and Ghose R.R. 
"C lin ica l experience with a californium irradiation device in the 
measurement of organ cadmium" Third conference on progress and problems 
in in-vivo activation analysis, Newcastle, 1979.
Flugge S. (1959) Editor, Encyclopedia o f Physics, Volume XXXVIII/2 "Neutrons 
and Related Gamma Ray Problems" P .256.
-  232 -
Foderaro A. Neutron Interaction Theory, l ^ l l  . Pub. T. ^ew York
Fourman P .,  Royer P ., Leve ll M.J. and Morgan D.B. (1968) Calcium metabolism 
and the bone. Blackwell s c ie n t i f ic  publications. Oxford and Edinburgh.
Fowler J.F. (1966) "Solid State E lectr ica l Conductivity Dosimeters" p .291-324. 
Radiation Dosimetry Vol. 11, Ed. A tt ix  F.H. and Roesch W.C. Academic Press, 
New York and London.
Frank H ., Seda J. and Skubal A. (1977) "Fast Neutron Dose Measurements in a 
Human Phantom with S ilicon Diodes" Third Symposium on Neutron
Dosimetry in Biology and Medicine, Newherberg, Munich, Commission of the 
European Communities, Luxemburg.
Freeman J.M. (1963) "Gamma radiation from neutron in e las t ic  scattering" p .1559- 
1600. Fast Neutron Physics, Part I I ,  Eds. Marion J.B. and Fowler J .L . ,
John Wiley & Sons, New York and London.
Fremlin J.H. (1979) Comment on acceptable doses fo r  in-v ivo  neutron activation 
analysis made at the Third conference on progress and problems in in-vivo 
activation analysis.
Frigerio  N .A ., Coley R.F. and Bransson M.H. (1973a) Physics in Medicine and 
Biology, 18, No. 1, p .53-63.
Frigerio N.A. and Coley R.F. (1973b) Physics in Medicine and Biology 18, No. 2, 
p .187-194.
Garby L. and Vuille  J. (1967) "The Iron Pools?1 p .361-373. Compartments, pools 
and spaces in medical physiology (Bergner P.E. and Lushbaug C.C. Ed.)
U.S.A. E.C., Oak Ridge, Tennessee.
Garnett E.S., Kennett T .J . , Kenyon D.B. and Webber C.E. (1973) Radiology 106, 
p .209-212.
Garnett E.S., Webber C.E., Coates G ., Cockshott W.P., Nahmias C. and Lassen N.
(1977) Canadian Medical Association Journal 116, p .153-154.
Givens W.W., M ills W.R. and Caldwell R.L. (1970) Nuclear Instruments and 
Methods p .95-103.
Glendenin L.E. (1948) Nucleonics, 2, 26,
Goldberg M.D. (1962) Angular Distributions in Neutron Induced Reactions 
BNL-400 Volume 1.
“  233 -
Goodman L.J. (1975) "Uncertainty Analysis fo r  Dosimetry in a Mixed Field 
of Neutrons and Photons" p .227-239 Procedings of Second Symposium on 
Neutron Dosimetry in Biology and Medicine, Neuherberg, Germany, EUR-5273, 
Ed. Burger G. and Ebert H.G., Commission of the European Communities, 
Luxembourg.
Greer C.R., Halbleib J.A. and Walker J.V. (1967) "A technique for unfolding 
neutron spectra from activation measurements" SO-RP-67-746.
Grodstein G.W. (1957) X-ray attenuation coe ffic ien ts  from 10 lceV to 100 MeV, 
NBS-583.
Groshev L.V., Demidov A.M., Pelekhov V . I . ,  Sokolovskii L .L . , Bartholomew G.A., 
Doveika A., Eastwood K.M. amd Monaro S., "Compendium o f thermal neutron 
capture y-ray measurements. Z = 47 to Z = 67. Nuclear Data, section A,
5, p .1-242.
Gunninck R. and Niday J.B. (1972) UCRL-51061, Vol. 1.
Hall E.J., Novak J .K ., Kellcrer A.M., Rossi H.H., Manino S, and Goodman L.J. 
(1975) Radiation Research 64, p .245-255.
Halvorsen C. and Steinnes E, (1975) Z. Anal. Chem. 274, p .199-202.
Hammersley J.M, and Handscomb D.C. (1964) Monte Carlo Methods, Spottiswoode, 
Ballantyne & Co. L td . , London.
Hannan W.J., Porter D ., Lawson R.C. and Railton R. (1973) Physics in Medicine 
and Biology, 18, No. 6, p .808-820.
Harrison J .E ., McNeill K.G., Meema H.E., Fenton S., Oreopoulos D.G. and 
Sturtridge W.C. (1974) Jour, of Nuc. Med. 15, No. 11, p .929-934.
Harrison J.E., Williams W.C., Watts J . , and McNeill K.G. (1975) Jour. Nuc.
Med. 16, No,2, p .116-122.
Harrison J.E. , - Gumming W.A., Fornasier V., Fraser D ., ICooh S.W. and McNeill 
K.G. (1976) Metabolism 25, No. 1, p .33-40.
Harrison J.E., McNeill K.G., Meema H.E., Oreopoulus D., Rabinovich S.,
Fenton S. and Wilson D.R. (1977) Metabolism, C lin ical and Experimental 
26, No. 3, p .255-265.
Harrison J.E. and McNeill K.G. (1979) "C lin ica l Applications of Measuring
Calcium", Third Conference on Progress and Problems of In-vivo Activation 
Analysis, Newcastle, 1979.
-  234 -
Harvey T.C. , Dykes P.W. , Chen N.S., Ettinger K.V., Jain S., James H. ,
Chettle D.R., Fremlin J.H. and Thomas B.J. (1973) Lancet 2, p .395-399.
Harvey T.C., McLellan J.S ., Thomas B.J. and Fremlin J.H. (1975) Lancet 1 
p .1269-1272.
Harvey T.C., Al Haddad I .K . ,  Chettle D.R., Downey S.P.M.J. and Fremlin J.H. 
(1979) "Body Burdens of Cadmium in Man by Neutron Activation Analysis" 
Third conference on progress and problems in in-vivo activation analysis, 
Newcastle, 1979.
Haywood J .K ., Harris I . ,  Boddy K. and Williams E.D. (1978) Phys. Med. Biol.
23, No. 5, p .865-875.
Haywood J.K., McArdle F . , Williams E.D. and Boddy K. (1979) "S t i l l - low er  
cost f a c i l i t i e s  for total body in-vivo neutron activation analysis",
Third conference on progress and problems in in-vivo activation analysis, 
Newcastle, 1979.
Hegsted D.M. (1976) Journal of Nutrition. 106, p .307-311.
Heydorn L. and Loda L. (1972) Analytical Chemistry 44, No. 14, p .2313-2317.
H i l l ,  G .L ., Smith R.C., Burkinshaw L . , Oxby C.B. and Sharafi A. (1979)
"Total body sodium in patients being fed intravenously", Third conference 
on progress and problems in in-vivo aactivation analysis, Newcastle, 1979.
Holmes A., Emerson P.M. and Drysdale H.C. (1977) "Use of 50Cr as a label for 
red blood ce lls  in studies with pregant women and premature infants" 
p .229-238, Stable Isotopes in the L i fe  Sciences, Procedings of a technical 
committee meeting, L iepzig , Published by I .A .E .A ., Vienna.
Hosking D .J ., Chamberlain M.J., Fremlin J.H. and James H. (1972a) British 
Medical Journal 1, p ,19-22.
Hosking D .J ., Chamberlain M.J. and Fremlin J.H. (1972b) C lin ical Science 43, 
p .627-637.
Hough J.H. (1977) "Neutron sen s it iv ity  o f  a photon dosimeter" M.Sc. Thesis, 
University o f Surrey.
Hughes D.J., Spatz W.D.B. and Goldstein N. (1949) Physical Review 75, No. 12, 
p .1781-1787.
Hume R. and Weyers E. (1971) Journal o f c l in ica l  pathology, 24, 234-238.
-  235 -
Hunt A.H., Parr R.M., Taylor D.M. and Trott N.G. (1963) Brit. Med. J. 11, 
p.1498.
Hurst, G.S., Ritchie R.H. and Emerson L.C. (1959). Health Physics, 2, 121,
Hurst G.S., Ritchie R.H., Sanders F.W., Reinhardt D.W. , Auxier J .A . ,
Wagner E.B., Callahan A.D. and Morgan K.Z. (1961) Health Physics, 5, 179.
IAEA (1966) "C lin ica l Uses o f Whole-body Counting" Proceedings o f a Panel 
meeting, Vienna, 1965.
IAEA (1970) Technical Reports Series No. 107, "Neutron Fluence Measurements" 
IAEA, Vienna.
ICRP (1959) Report of committee I I  on permissible dose fo r  internal radiation, 
London.
ICRP (1963) Report o f committee IV on protection against electromagnetic 
radiation above 3 MeV and electrons, neutrons and protons, London.
ICRP Report 17 (1969) Protection of the patient in radionuclide investigations.
ICRP 23 (1975) Report o f the Task Group on Reference Man. Pergamon Press,
Oxford.
■71
ICRU Report 9 (1962).
ICRU Report 13 (1969) Neutron fluence, neutron spectra and Kerma. ICRU,
Washington,
ICRU Report 26 "Neutron Dosimetry fo r  Biology and Medicine", Appendix B
Elemental Compositions of Compounds and Mixtures", Appendix C "Tissue- 
Equivalent P las t ic :  Properties and Fabrication" and Appendix D "Ion ization 
Chambers: Techniques of Construction and Measurements"
James H.M., Chettle D.R,, Dabelc J.T, and Harvey T.C. (1979) "Human body
Composition measured by whole body nitrogen, whole body potassium, body 
fa t  and skeletal s iz e " ,  Third conference on progress and problems in in-vivo 
activation analysis. Newcastle, 1979.
Johnson D.R., Poston J.W,, Hodges H.D. and Davy D.R. 1970. Health Physics, 18, 
p .729-731.
Jones T.D. (1977) Radiation Research 71, p .269-283,
Jorch H.H. and Campbell J.L. (1977) Nuclear Instruments and Methods, 143, 
p .551-559.
-2 3 6  -
Jordan T .J ., Boddy K. and East B.W. (1979) "Determination of l iv e r  aluminium 
in d ialysis encephalopathy syndrome", Third Conference on progress and 
problems in in-vivo activation analysis, Newcastle, 1979.
Jourdan M.H. and Brodfield R.B. (1973) American Journal of C lin ica l Nutrition
26, p .144-149.
Kacperek A . , Spyrou N.M., Kellershohn C ., (1975) La Fixation Renale du
Mercure et du DSMA, Compte rendu du I I  Colloque International, Paris (1975) 
p.73~85 (In french),
Kacperek A. (1977) "The Measurement and Detection of Gamma-Rays in B io logica l 
Media" Ph.D. Thesis, University of Surrey.
Kam F.B.K, and Stallmann F.W. (1975) Journal of Testing and Evaluation, 3,
No. 3, p .211-216.
Keith N.M., Rowntree L.G. and Geraphty J.T. (1915). A method for the
determination of plasma and blood volume. AMA Arch. Intrn. Med. 16, 547-576
Kellerer A.M. and Rossi H.H. (1971) Radiation Research 47, p .15-34.
Kennett T.J. and Webber C.E. (1976) Physics in Medicine and Biology, 21, No. 5, 
p .770-780.
Kerr S.A. (1978) "Short-lived Isotopes in Neutron Activation Analysis Applied 
to Archaeological and Environmental Studies", Ph.D. Thesis, University of 
Surrey.
Klema E.D. and Ritchie R.H. (1952) Physical Review, 87, p .167.
Kouris K. and Spyrou N.M. (1978) Nuclear Instruments and Methods, 153, p .477-483
Lane A.M. (1966) "Direct Radiative Capture" p .343-358, Nuclear Structure study 
with neutrons. Ed. Neve de Mevergmies M., Van Assche P. and Vervier J . , 
North-Holland Publishing Company, Amsterdam.
Leach M.O., Thomas B.J. and Vartsky D. (1977) In t. Jour, o f App. Radiat. and 
Is o t . ,  28, p .263-269.
Leach M.O., Bell C.M.J. and Fremlin J.I1. (1979) Third conference on progress and 
problems in in-vivo activation analysis, Newcastle, 1979.
Lenihan J.M.A. (1965) Nature, 207, p .349.
Lenihan J.M.A., Comar D., R iviere R. and Kellershohn C. (1967) Nature, 214, 
p .1221-1223.
-  237 -
Lewellen T.K. , Chesnut I I I  C.H. , Nelp W.B. , Palmer H.E., Murano R. and 
Hinn M.G. (1975) Journal o f  Nuclear Medicine 16, No. 7, p .672-675.
Lewellen T .K ., Murano R. and Nelp W.B, (1979a) Third conference on progress 
and problems in in-vivo activation analysis, Newcastle, 1979.
Lewellen T .K ., Nelp W.B. and Palmer H.E. (1979b) Third conference on progress
and problems in in-vivo activation analysis, Newcastle, 1979.
Lewis V.E. and Young D.J. (1977) Physics in Medicine and Biology, 22, No. 3,
p .476-480.
Lewis V.E. and Hunt J.B. (1978) Physics in Medicine and Biology, Vol. 23, No. 5, 
p .888-893.
Livingston H.D. (1972) C lin ica l Chemistry 18, No. 1, p .67-72,
Longo G, and Saporetti F. (1976) Nuclear Science and Engineering, 61, p .40-52.
Lorch E.A. (1973) International Journal of Applied Radiation Isotopes, 24, 
p .585-591.
Lorch E.A. (1979) Amersham, Private communication, Data obtained by Werle
H. INR 4/70-25 Gesellschaft fur Kemforschung GmbH, Karlsruhe.
Lorch. E.A. (1973) Int. J. Appl. Radiat. Isotopes, 24, p .588-589.
Luther R. (1973) "Correlation of os ca lc is  and spinal bone by Compton scattering" 
International conference on bone mineral measurement R.B. Mazess (Editor)
DIIEW publication, 75-683, Washington, D.C.
MacDonald P .J .,  Junor B .J.R ., Fraser R.A,, Smith F.W,, Ettinger K .V ., Catto 
G.R.D., Edward N. and MacLeod M. (1979) Third conference on progress and 
probelms in in-vivo activation analysis, Newcastle, 1979.
Magiera E. and Schmidt R. (1976) "Determination of neutron and gamma spectra in 
a mixed (n,y) f ie ld "  Conf. on neutron dosimetry in medicine and b io logy, 
Munich.
Maples C. , Goth G.W, and Cerny J. (1.966) "Nuclear Reaction Q values", p .429-614, 
Nuclear Data, section A, 2 (1966).
Mariscotti M.A. (1967) Nuclear Instruments and Methods 50, p .309.
Martin, D.H. (1955) Nucleonics, 13, No. 3, p .52-53.
-  238 -
Maziere B. , Comar D. and Kuntz D. , (1976) "In-v ivo  measurement of the Ca/P 
ratio  by local activation with isotopic neutron sources" p .229-236,
Modern Trends in Activation Analysis, Volume 1, Gesellschaft Deutscher 
Chemiker, Munich (1976).
Maziere B . , Kuntz D. and Comar D. (1979) "In-v ivo  activation analysis o f hand 
bone calcium results in normal and demineralised patients" Third 
conference on progress and problems in in-vivo neutron activation analysis, 
Newcastle, 1979,
McCarthy I.D., Oldroyd B. and Ellis R.E. (1978) Int. Journ. of Applied Radiat. 
and Isotopes 29, p.205-211.
McElroy W.N., Berg S., Crockett T. and Hawkins R. (1967) A computer automated 
ite ra t iv e  method for neutron flux spectra determination by f o i l  activation" 
A study of the i te ra t iv e  method, AFWL-TR-67-41, Vol. 1.
McElroy W.N., Berg S., Crockett T.B. and Tuttle R.J. (1969) Nuclear Science
and Engineering, 36, p .15-27.
McIntosh J.A.R. and Catto G.R.D. (1974) Bio.Med. Eng. 9, p .245-246.
McLellan J.S., Thomas B.J., Fremlin J.H. and Harvey T.C. (1975) Phys. Med. Biol, 
20, 1, p .88-95.
McNeill K.G. and Harrison J.E. (1977) Journal of Nuclear Medicine, 18, No. 11, 
p . 1136-1137.
Mernagh J .R . , Harrison J.E. and McNeill K.G. (1977a) Physics in Medicine and 
Biology, 22, No. 5, p .831-835.
Mernagh J .R . , Harrison J.E ., Hancock R, and McNeill K.G, (1977b) In t. Jour,
of Applied Radiat. and Isotopes, 28, p .581-583.
Mittelman P.S. and Liedtlce R.A. (1955) Nucleonics, 13, No. 5, p .50-51.
Mole R.H. (1975) British Journal of Radiology, 48, p .157-169.
Moore D.M. (1967) "Body Composition in applied human biology" p .1-15.
Compartments, pools and spaces in medical physiology (Bergner P.E. and 
Lushbaugh C.C., Ed.) U.S.A. E.C., Oak Ridge, Tennessee.
Milliard (1977) Technical Information number 40 and Technical Information 
number 7, Airad Instruments, Egham, Surrey.
Nelp W.B., Denney J .D ., Murano R ., Ilinn G.M., Williams J .L . , Rudd T.G. and 
Palmer H.E, (1972) 79, p .430-438.
Newton D., Anderson J . , Battye C.K., Osborn S.B. and Tomlinson R.W.S. (1969)
2 0 ,  p . 6 1 - 6 8 .
-  239 -
Oldenburg U. and Booz J. (1972) Radiation Research, 51, p .551.
Op de Beeck J.P. (1973) Proceedings o f Symposium on Recent Developments 
in Neutron Activation Analysis, Cambridge.
Osborn R.K. and Yip S. (1966) The Foundations o f Neutron Transport Theory,
Gordon and Breach In c . , New York.
Othman I . ,  1979, Ph.D. Thesis, University of Surrey.
Oxby C.B., (1972) "Estimation o f  Iron Content in the L iver" p .89, In-Vivo 
Neutron Activation Analysis, I .A .E .A ., Vienna, 1973.
Oxby C.B., Appleby D.B., Brooks IC. , Burkinshaw L. , ICrupowicz D.W. , McCarthy 
I .D . , Oldroyd B. and E l l is  R.E. (1978) International Journal of Applied 
Radiation and Isotopes, 29, p .205-211.
Ozbas E. , Chettle D.R. , Dobek, J. , Ettinger IC.V., Fremlin J.H., Prestwich 
W.V. and Thomas B.J. (1975) Proceedings of the Analytical Division of 
the Chemical Society, 12, p .220-223.
Ozbas E . , Chettle D.R., Ettinger K .V ., Fremlin J .H ., Harvey T.C., Prestwich 
W.V., Thomas B.J. and Dabek J.T. (1976) Int. Jour, of App. Radiat. and 
Isotopes, 27, p .227-232.
Ozelc F. (1973) M.Sc. Thesis, University of Surrey.
Palmer H.E., Nelp W.B., Murano R. and Rich C. (1968) Phys. Med. B iol. 13,
No. 2, p .269-279.
Palmer H.E. (1972a) "F eas ib i l i ty  o f  determining total-body calcium by measuring 
37Ar in expired a ir  a fte r  low-level irradiation with 14 MeV neutrons", 
p .203-209, In-vivo neutron activation analysis, I.A .E .A ., Vienna, 1973.
Palmer H.E. and Nelp W.B. (1972b) "Estimation of Total Body Phosphorus and
Nitrogen in -v ivo " p .127-133. In-vivo Neutron Activation Analysis, I .A .E .A ., 
Vienna, 1973.
Palmer H.E. and Rieksts G.A. (1979) Third conference on progress and problems of 
in-vivo activation analysis, Newcastle, 1979.
Parker R.P., Hobday P.A. and Cassell K.J. Phys. B io l . ,  24, No. 4, p .802-809.
Nyman B. (1973) N u c le a r  In s tru m e n ts  and M e thods , 108, p . 237.
-  240 -
Pauw H. (1970) Energy spectra of radioactive neutron sources, Ph.D. Thesis, 
University of Amsterdam.
Pearson D. and Spyrou N.M. (1979a) "Photon activation analysis of major body
elements in patients undergoing high energy electron therapy" 3rd Conference 
on Progress and Problems in in-v ivo  activation analysis, Newcastle-upon- 
Tyne .
Pearson D. and Spyrou N.M. (1979b) American Nuclear Society Transations, 32, 
p .156.
Pearson, D. (1979c) Ph.D. Thesis, University of Surrey.
Philips G.W, and Marlow IC.W. (1976) Nuclear Instruments and Methods, 137, 
p .525-536.
Porter D ., Lawson R.C. and Hannan W.J. (1975) Physics in Medicine and Biology, 
20, No. 3, p .431-445.
Pretre S. (1972) Health Physics, 23, p .169-181.
Quittner P. (1969) Nuclear Instruments and Methods 76, p . 115-124.
Raeside D.E. (1976) Physics in Medicine and Biology, 21, No. 2, p .181-197.
Reed G.W. (1966) Physics in Medicine and Biology, 11, p . 174.
Reizenstein P. (1973) C lin ica l Whole Body Counting. John Wright and Sons 
Ltd. B ris to l.
Ritchie R.H. and Eldridge H.B. (I960) Nuclear Science and Engineering, 8, p .300- 
311.
Ritts J .J . , Solomito M. and Stevens P.N. (1969) Nuclear Applications and 
Technology, 7, 89.
Robertson R. and Spyrou N.M. (1975) Analytical Chemistry, 47, No. 1, p .65-70.
Robertson R. and Spyrou N.M. (1975) Analytical Chemistry, 47, No .l,  p .65-70.
Roesch W.C. (1968) "Mathematical Theory of Radiation F ie lds" p .229-274
Radiation Dosimetry, Vol. 1, Ed. A tt ix  F.H. and Roesch W.C., Academic Press, 
New York and London.
Rossi H.H. (1968) "Microscopic energy distribution in irradiated matter" 
p .43-92, Radiation Dosimetry, Vol. 1, Ed. A tt ix  F.H. and Roesch W.C., 
Academic Press, New York and London.
Rossi H.H. and Keller  A.M. (1974) Radiation Research, 58, p .131-140,
-  241 -
Rossi H.H. and Mays C.W, (1978) Health Physics, 34, p .353-360.
Routti J.T. and Prussin S,G. (1969) Nuclear Instruments and Methods, 72, 
p . 125-142.
Rudd, T.G. and Nelp W.B, (1972b) " In -v ivo  neutron activation analysis
measurement of non-exchangeable sodium in normal man" p .105-110, Jq-vivo 
neutron activation analysis, I.A .E .A ., Vienna, 1973.
Rudd, T .G ., Pailthorp K.G, and Nelp W.B. (1972a) Journal of Laboratory and 
C lin ical Medicine, 80, p .442-448.
Rundo J. and Bunce L.J. (1966) Nature, 210, p .1023-1024.
Samsahl K. and Brune D. (1965) Int. J. of Applied Radiation and Isotopes,
16, p .273-281.
Savitzky A, and Golay M.J.E. (1964) Analytical Chemistry, 36, p .1627,
Senftle F .E . , Moore H.D., Leep D.B., El-Kady A. and Duffey D. (1971)
Nuclear Instruments and Methods, 93, p .425-459.
Sharafi A ., Oxby C.B. and Burkinshaw L. (1979) "An examination of calibration
procedures in the measurement o f to ta l body elements by neutron activation 
analysis" Third conference on progress and problems in in-vivo activation 
analysis, Newcastle, 1979.
S ilver S. (1968) Radioactive nuclides in medicine and bio logy, Lea and 
Febiger, Philadelphia.
Sklavenitis H ., Devillers C., Comar D. and Kellershohn C. (1969) Int. Jour, of 
App. Rad. and Isotopes, 20, p .585-596.
Smith J.W. (1962a) Phys. Med. B io l , ,  7, 341.
Smith J.W. and Boot S.J. (1962b) Phys. Med, B io l , ,  7, 45.
Smith M.A., T o th il l  P . ,  Simpson J .D ., Strong J .A . , MacPherson J .N ., Chew I.S.H. 
McIntosh L.G., Eastwell R . , Kennedy N.S.J. and Winney R.J, (1979). Third 
conference on progress and problems in in-vivo activation analysis, 
Newcastle, 1979.
Snyder W.S. (1964) "The LET distribution o f  dose in some tissue cylinders" 
p .3-19, B io logical e ffec ts  o f neutron and proton irrad iations, Vol. 1, 
I .A .E .A . , Vienna, 1964.
Sodee D.B. and Early P.J. (1975) Technology and interpretation of nuclear 
medicine proceedures. The C.V. Mosby Company, St. Louis.
Sola A. (1960) Nucleonics, 18, p .78-81, p .141.i
-  242 -
Sorenson J.A. and Cameron J.R. (1967) Journal Bone Jt. Surgery, 49A, p .481.
Spernol A. , Vavinbroulcz R. and Grosse G.
Spinks T .J ., Bewley D.K., Joplin G.F. and Ranicor A.S.O. (1976) J. Nucl. Med. 
17, p .724-729.
Spinks T .J ., Bewley D.K., Joplin G.F, and Ranicar A.S.O. (1979) "The Relation 
between total and part ia l body measurements of bone mass" Third conference 
on progress and problems in in-vivo neutron activation analysis,
Newcastle, 1979.
Sprigley G. (1979) Private communication, EG and G, Ortec Ltd., Bracknell, 
England.
Spring E. and Vayrynem T. (1970) Phys. Med. B io l . ,  15, No. 1, p .23-28.
Spyrou N.M., Ingle K., Ozek F. (1974) "Cyclic activation in trace element
analysis o f  environmental samples" Proc. o f 2nd International Conference on 
Nuclear Methods in Environmental Research, Columbia, Missouri, C0NF-740701,
p .106.
Spyrou N.M. and Kerr S.A. (1977) "Multielemental trace analysis using cyc lic  
activation and a low energy photon detector" Proc. o f International 
Conference on Nuclear Methods in Environmental and Energy Research, 
Columbia, Missouri.
Stehn J.R. (1964) BNL-325,. 2nd Ed., Vol. 1, supp. 2.
Sterlinski A. (1968) Analytical Chemistry 40, p .1995-1998.
Sullivan J. (1978) Final Year Pro ject, University of Surrey.
Tait J.H. (1964) Neutron Transport Theory, p .13, Longmans, Green and Co. Ltd ., 
London.
Tauxe W.N. and Dolan C.T. (1969) Journal o f Nuclear Medicine, 10, No. 4, 
p .188-191.
T i t t l e  C.W. (1951) Nucleonics, 8, No. 6, p .5,
Tochilin E. and Shuraway B.W. (1969) "Dosimetry of Neutrons and Mixed n + y 
Fields" p .247-308. Radiation Dosimetry, Vol. I l l ,  Ed. A tt ix  F.H. and 
Tochilin E., Academic Press, New York and London.
Tsuchiya IC. (1969) Keio. J. Med. 18, p .181, Cited in Lancet 1, p .1271 (1975) 
Harvey T,C. et al.
-  243 -
UNSCEAR (1972) Ion iz ing  Radiation,  Levels and E f f e c t s ,  United Nat ions,  New 
York.
Varne l l  L. and Trischuck J. (1969) Nuclear  Instruments and Methods, 76, 
p. 109-114.
Vartslcy D. and Thomas B.J. (1976a) Phys. Med. B i o l . ,  21, No. 1, p . 139-142.
Vartsky D . , Thomas B .J . ,  Hawkes D.J. and Fremlin J.H. (1976b) Phys. Med. B i o l . ,  
21, No. 6, p . 970-975.
Vartsky D . , E l l i s  K . J . , Chem. N.S. and Cohn S.H. (1977) Phys. Med. B i o l . ,  22,
No. 6, p . 1085-1096.
Vartsky D . , E l l i s  K . J . , Hull  D.M. and Cohn S.H. (1979) Phys. Med. B i o l . ,  24,
No. 4, p . 689-701.
Vevier J.  (1966) "Slow neutron capture gamma rays" p . 94-117, Nuclear s t ructure  
study with neutrons, Ed. Neve de Mevergnies M . , Van Assche P. and Ve rv ie r  
J. North Holland Pub l i sh ing  Company, Amsterdam.
Wagner E.B. and Hurst G.S. (1961) Health Phys ics ,  5, p . 20-26.
Wallach S . ,  Auramides A . ,  F lo r e s ,  A . ,  B e l l a v i a  J. and Cohn S. (1975) Metabolism,  
c l i n i c a l  and experimental,  24, No. 6, p . 745-753.
Wasson J.T. c i ted  by Baedecker P.A.  (1971) A n a ly t i c a l  Chemistry, 43, No. 3, 
p . 405-410.
Watt D .E . (1973) Phys. Med. B i o l . ,  18, No. 5, p . 673-685.
Watt D.E. and S u t c l i f f e  J .F.  "Atomic R eco i l s ,  Q u a s i -E la s t i c  Scatter ing  and 
Radiat ion Dosimetry" p . 127-141, Second Symposium on Neutron Dosimetry in  
Bio logy and Medicine, Munich (1974).
Webber C.E. and Kennett T.J.  (1976a) Physics in  Medicine and B io logy ,  21, No. 5, 
p . 760-769.
Webber C.E. (1976b) American Journal o f  Roentgenology, 126, p . 1280-1281.
Weinberg A.M. and Wigner E.P. (1958) The Phys ica l  Theory o f  Neutron Chain 
Reactors,  Un ivers i ty  o f  Chicago P re ss ,  Chicago.
Weissberger  M .A . , Zamenhof R .G . ,  Aronow S. and Neer R.M. (1978) Journal o f  
Computer Ass is ted  Tomography, 2, p . 253-262.
West R.R. and Reed G.W. (1970) B r i t i s h  Journal  o f  Radio logy , 43, p . 886-893.
- 244 -
Whitehouse W.J. and Dyson E.D. (1974) Journal o f  Anatomy, 43, p . 417-444.
Wil l iams E .D , ,  Boddy IC. and Haywood J.IC. (1977) Phys. Med. B i o l . ,  22,
No. 5, p . 1003-1006.
Wil l iams E .D . ,  Boddy IC. , Harvey I .  and Haywood J.IC. (1978) Phys. Med. B i o l . ,  
-.23, No. 3, p . 405-415.
Wil l iams E .D . ,  Henderson I . S . ,  E l l i o t t  H.L, , Boddy IC. , Haywood J.IC., Harvey
I .  and Kennedy A.C. (1979) "Whole body composition studies in pat ients  
with chronic renal  f a i l u r e "  Third conference on progress  and problems in  
in -v ivo  act ivat ion  an a ly s i s ,  Newcast le ,  1979.
Womersley J . ,  Boddy IC., King P.O. and Dumin J.V.G.A,  (1972) C l i n i c a l  Science,  
43, 469-475.
Zamenhof G. (1978) Ph.D. Thes is ,  M . I .T .
Z i jp  W.L. (1965) "Review of  ac t iva t ion  methods fo r  the determination o f  f a s t  
neutron spectra"  RCN-37, Petten.
T h e o r e t i c a l  and; e x p e r im e n t a l  i n v e s t i g a t i o n s  on the  a p p l i c a b i l i t y
. *. ■ i < ' >
o f  the P o i s sp n  and Ru ark -Uovo l  s t a t i s t i c a l  d e n s i t y  f u n c t i o n s
’l? • • •
1 P Mat thews ,  K K o p r i s ,  M C J o n e s ,  N M Spyrou
. '• i ■ - a . /  • \  K  •' ' V  I  '■
Department  o f  P h y s i c s ,  U n i v e r s i t y  o f  S u r r e y ,  G u i l d f o r d ,
S u r r e y , '  U.K.
In  r a d i a t i o n  s t u d i e s  i t  i s  commonly a c c e p t e d  t h a t  the  p r o c e s s
, , : * ((AT A )
o f  r a d i o a c t i v e  d i s i n t e g r a t i o n  i s  a d e q u a t e l y  d e s c r i b e d  by the  P o i s s o n
C  r . ;  ‘ r. i  '  i  '  '  ■ i d  f t  • ‘ ■: > -
s t a t i s t i c a l  d e n s i t y  f u n c t i o n .  Independence  and s t a t i o n a r i t y  a r e  the
< , . i. . { * ’ ’ • /.'? •* ! t ’’Hi
fundamenta l  p r o p e r t i e s  t h a t  must be p o s s e s s e d  by a p h y s i c a l  p r o c e s s  
i f  i t  i s  t o  obey P o i s s o n  s t a t i s t i c s .  However f o r  c a s e s  when At 1,
where A i s  the  r a d i o a c t i v e  d e ca y  c o n s t a n t  and t  the  p e r i o d  o f  o b s e r -
. t: t r *
v a t i o n ,  th e  c o n d i t i o n  o f  s t a t i o n a r i t y  i s  not  s a t i s f i e d .
; i " >  , * • : •
A s t a t i s t i c a l  d e n s i t y  f u n c t i o n  can be d e r i v e d  which d e s c r i b e s  
th e  p r o c e s s  o f  r a d i o a c t i v e  d i s i n t e g r a t i o n  where the  o n l y  fundamenta l
*-r’ , * ’* . •  . * ‘ x- 1 ; , ri i
p r o p e r t y  i s  independence .  T h i s  we have c a l l e d  th e  Ruark -Ucvo l  
s t a t i s t i c a l  d e n s i t y  f u n c t i o n .
An e x p e r im e n t ,  d e s i g n e d  t o  t e s t  the v a l i d i t y  o f  t h e  two s t a t i s -
-5 ?
t i c a l  d e n s i t y  f u n c t i o n s  f o r  d i f f e r e n t  v a lu e s  o f  At i s  d e s c r i b e d ,
:c »■ f y (
d i s t o r t i o n s  due to  d e a d - t im e  a re  a v o i d e d .
r . ; - • n:'» ’due' to  d e a d * * t ? f q . ; ••
t h a t  the  P o i s s o n  s t a t i s t i c a l  d e n s i t y  f u n c t i o n  i s  in a d e qu a te  t o  d e s c r i b e
- . ’ t \  • -i ■d i V Mv I i v * "
the  c o u n t in g  p r o c e s s  when At ^ 1 and i t  i s  recommended t h a t  the  Ruark-
' . w i u J n ;  • \ ;rvvi f t  i s  i
D evo l  f u n c t i o n  be used i n s t e a d .  In t h e , . l i m i t  o f  At << 1 bo th  f u n c t i o n s
. o.K ' t lo :*  (n: .. an*•.»ftv j .
a r e  e q u a l l y  v d l i d .
• r ;f.tw> i a * 1 •
Energy Nuclide Source
Count: rate  
c.s~1
206 keV 0.63
239 lceV 2 14pb 232Th se r ie s 0.56 "
242 keV
259 lceV 21ltPb 232Th se r ie s 0. 38
! 352 lceV 2 1 4pb 232Th se r ie s 0.37
417 keV 0.22
439 lceV 40K 0.15
Double Escape
511 keV Cosmic rays
I
0.33
208,p; 232Th se r ie s
106ru
583 keV 208t1 232xh se r ie s 0.25
609 keV 214Pb 228Ra se r ie s 0.25
662 keV 1 37Cs 0.06
911 keV 228Ac 232Th se r ie s 0.08
969 keV 228Ac 232Th se r ie s 0.08
1104 keV 0.07
1120 lceV 21 ^Bi 226Ra se r i e s 0.06
Table 6.7 The i d e n t i f i c a t i o n  o f  peaks in a natu ra l  background
spectrum co l l e c te d  using 80 cm3 G e (L i )  detector  (DeS.72,  
Kn.79, Ro.78) .
RADIOACTIVITY: T e s t  P o i s s o n ,  Uuark-Dcvo l  d e n s i t y  f u n c t i o n s .  49Ca, T j  ** 
8.8m, gamma-ray e n e r g y  = 4 .069  MeV, d e a d - t im e  c o n s i d e r e d ,  c h i - s q u a r e d  
t e s t ,  P o i s s o n  i n a d e q u a t e  when A t  ^ 1.
In r a d i a t i o n  s t u d i e s  i t  i s  commonly a c c e p t e d  t h a t  the  p r o c e s s  
o f  r a d i o a c t i v e  d i s i n t e g r a t i o n  i s  a d e q u a t e l y  d e s c r i b e d  by th e  R o is so n  
s t a t i s t i c a l  d e n s i t y  f u n c t i o n 1 » 2 ' 3 A s e a r c h  f o r
tho u n d e r l y i n g  assumpt ions  r e v e a l e d  th a t  the  f o l l o w i n g  n e c e s s a r y  and 
s u f f i c i e n t  c o n d i t i o n s  must be m e t 4 : a) a i l  atoms a re  i d e n t i c a l ,
b) a l l  atoms a re  in d e p e n d e n t ,  c )  t h e - p r o b a b i l i t y  t h a t  an atom d i s i n t e ­
g r a t e s  d u r in g  a g i v e n  t ime  i n t e r v a l  i s  th e  same f o r '  a l l  t ime i n t e r v a l s  
o f  eq u a l  s i z e  and d) the  t o t a l  number o f  atoms and the  t o t a l  number 
o f  e q u a l  t ime i n t e r v a l s  a rc  l a r g e .
Independence  and S t a t i o n a r i t y 5 a re  t h e r e f o r e  the
fundamenta l  p r o p e r t i e s  t h a t  must be p o s s e s s e d  by a p h y s i c a l  p r o c e s s  
i f  i t  i s  t o  obey  P o i s s o n  s t a t i s t i c s .  A l thou gh  the  above  c o n d i t i o n s  
are  met when the  p e r i o d  o f  o b s e r v a t i o n  t  i s  much s m a l l e r  than the  h a l f l i f e  
o f , t h e  r a d i o n u c l i d e ,  i . e .  At  << 1, where X i s  th e  r a d i o a c t i v e  decay  
c o n s t a n t ,  s t a t i o n a r i t y  docs  no t  h o ld  in  ca ses  w i t h  At > 1.
In the 1930 's  T C P r y 6 and A Ruark,  L D e v o l 7
in d e p e n d e n t l y  d e a l t  w i th  ca s e s  i n  which th e  o b s e r v a t i o n  t ime i s  comparab le  
t o  th e  h a l f l i f e  and a r r i v e d  a t  what we s h a l l  r e f e r  t o  as the  Ruark -Devo l  
s t a t i s t i c a l ' ' d e n s i t y  f u n c t i o n  which we a l s o  d e r i v e d  a ga in  r e c e n t l y .  T h i s  
pa pe r  v e r i f i e s  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  th e  inadequ acy  o f  the  
P o i s s o n  s t a t i s t i c a l  d e n s i t y  f u n c t i o n  when At 1 and recom m ends ' tha t  • 
the  Ruark-Devo l  f u n c t i o n  be used i n s t e a d ,  under t h e s e  c o n d i t i o n s .
I t  i s  im p o r t a n t  t o  d i f f e r e n t i a t e  between tho p r o b a b i l i t i e s  o f  
e m is s i o n  and d e t e c t i o n .  Em iss ion  e v e n t s  may o n l y  be s t r i c t l y  o b s e r v e d  
w i t h  a d e t e c t o r  o f  e f f i c i e n c y  equ a l  t o  u n i t y  u s in g  4Tr-gcomctry and a 
p r o c e s s i n g  in s t r u m e n t a l  sys tem o f  i d e a l  p e r f o rm a n c e .  Hence,  in  p r a c t i c e ,  
one i s  r e s t r i c t e d  t o  o b s e r v i n g  d e t e c t i o n  e v e n t s ,  a p r o c e s s  t h a t  i n v o l v e s  
i n e v i t a b l y  measurement e r r o r s .  More fu n d a m en ta l l y  how ever ,  the  d e t e c t i o n
INTRODUCTION
T h i s  i s  imposed by the  b i n o m i a l l y  d i s t r i b u t e d  s e l e c t i o n  as t o  w he ther  
an e m i t t e d  photon  o r  p a r t i c l e  w i l l  f o l l o w  a d i r e c t i o n  w i th in  the  s o l i d  
a n g l e  subtended by the  f i n i t e  d e t e c t o r  and the  s o u r c e .
In o r d e r  to  i n v e s t i g a t e  th e  s t a t i s t i c a l  d e n s i t y  f u n c t i o n  u n d e r l y i n g
the d e t e c t i o n  p r o c e s s ,  the  d a t a  may be examined i n  e i t h e r  o f  th e  . f o l l o w i n g
two ways ,  i n  the  f i r s t ,  a s s o c i a t e d  w i th  the  names o f  E Marsden and
T B a r r a t t 0 , th e  f r a c t i o n  o f  the  i n t e r v a l s  be tween d i s i n t e g r a t i o n s
t h a t  a r c  l o n g e r  than t  i s  d e t e r m in e d  f o r  v a r i o u s  v a l u e s  o f  t .  Then,
i f  the  P o i s s o n 9 10 s t a t i s t i c a l  d e n s i t y  f u n c t i o n  a d e q u a t e l y
d e s c r i b e s  th e  d e t e c t i o n  p r o c e s s ,  t h e s e  f r a c t i o n s  shou ld  be d i s t r i b u t e d  
- f t
a c c o r d in g  t o  c , where f  i s  the  a v e ra g e  number o f  d i s i n t e g r a t i o n s  p e r  
u n i t  t im e .  In th e  second ,  a s s o c i a t e d  w i th  the  names o f  E R u t h e r f o rd  
and 11 G e i g e r 11 , th e  t o t a l  o b s e r v a t i o n  t ime i s  d i v i d e d  i n t o  equa l
i n t e r v a l s  o f  d u r a t i o n  t  and the  f r a c t i o n  o f  th e  i n t e r v a l s  c o n t a i n i n g  n 
e v e n t s  i s  d e t e rm in ed  f o r  d i f f e r e n t  v a lu e s  o f  n.
In r e c e n t  y e a r s ,  th e  s t a t i s t i c a l  d e n s i t y  f u n c t i o n  u n d e r l y i n g  th e  
d e t e c t i o n  p r o c e s s  has been r e - e x a m in e d  e x p e r i m e n t a l l y 12> 13 
In  both c a s e s ,  a - p a r t i c l c s  were  d e t e c t e d ,  s i n c e  to  o b ta in  da ta  due to  
y - r a y s  w i th '  d e a d - t im e  b e in g  t h e  on l y  i n t e r f e r e n c e  t o  the  d e t e c t i o n  p r o c e s s  
was c o n s i d e r e d  i m p o s s i b l e ;  the  con t in uous  Compton d i s t r i b u t i o n  was 
thought  t o  p r o h i b i t  an o b j e c t i v e  s t a t i s t i c a l  i n v e s t i g a t i o n 13 
The ex p e r im en t  d e s c r i b e d  be low  i n v o l v e s  the  d e t e c t i o n  o f  y - r a y s  and was 
d e s i g n e d  t o  c i r cu m ven t  th e  p rob lem  o f  i n s t ru m e n ta l  d e a d - t im e  d i s t o r t i o n s  
to  the  d e t e c t i o n  p r o c e s s  and a l s o  t o  e l i m i n a t e  any c o n t r i b u t i o n s  from 
e x t e r n a l  s o u r c e s .
EXPERIMENTAL PROCEDURE
A q u a n t i t y  o f  65mg o f  a n a l y t i c a l l y  pu re  CaCO^ was i r r a d i a t e d  f o r  
600s i n  the  i n - c o r e  i r r a d i a t i o n  f a c i l i t y  o f  t h e  U n i v e r s i t y  o f  London,
probability inherently contains an additional degree of randomness.
lOUkW Con s o r t  I I  r e a c t o r  o f  thermal  n e u t r on  f l u x  equa l  to  2 x 10l2 ncm_2s ~ ■ 
A f t e r  i r r a d i a t i o n  the sample was r a p i d l y  t r a n s f e r r e d  by means 
o f  a pneumat ic  sys tem  to  a low l e v e l  c o u n t in g  room, where  i t  pas p l a c e d  
in  a p o l y e t h y l e n e  v i a l ,  in  a known f i x e d  g eom e t r y  w i th  r e s p e c t  t o  a w e l l  
s h i e l d e d  Canber ra  G o ( L i )  d e t e c t o r .
Thermal  n eu t ron  i r r a d i a t i o n  o f  CaCO^ p rod u c es  the  r a d i o a c t i v e  
i s o t o p e s  shown in  T a b l e  1, w i t h  t h e i r  r e s p e c t i v e  n u c l e a r  p r o p e r t i e s .
Carbon does no t  p roduce  any o t h e r  y - c m i t t i n g  r a d i o n u c l i d e s  and any 190 
r e m a in in g  a t  the  s t a r t  o f  c o u n t i n g ,  2m a f t e r  th e  end o f  i r r a d i a t i o n ,  
c o u ld  n o t  i n t e r f e r e  w i t h  the 4,009 MeV 49Ca y - r a y  o f  i n t e r e s t .
The p u l s e s  from the  d e t e c t o r  w ere  f e d  th rough  a p r e a m p l i f i e r  i n t o  
a LABliN 8192 ADC, model 8210. The l a t t e r  was o p e r a t e d  as a s i n g l e  
channe l  a n a l y s e r  W i th  the  l o w e r  t h r e s h o l d  c o r r e s p o n d in g  t o  an en e r g y  
equa l  t o  4.039 MeV and tho uppe r  t o  4.095 MuV. P u l s e s  f a i l i n g  o u t s i d e  
t h i s  'w ind ow '  were r e j e c t e d  w i th  no c o n t r i b u t i o n  to  the  d e a d - t im e ,  whereas 
cuch p u l s e  f a l l i n g  w i t h i n  g a v e  r i s e  t o  an ou tp u t  p u l s e  g e n e r a t e d  upon th e  
end o f  the ' r i s e  t im e  p r o t e c t i o n ' ,  s e t  eq u a l  t o  Sps.  Output p u l s e s  were 
f e d  i n t o  a LAUiiN m u l t i s C u l c r  c o n s i s t i n g  o f  on o p e r a t i o n  c o n t r o l  u n i t '
(model 8802-A)  and-a  t im in g  c o n t r o l  u n i t  (mode l  8900 ) .
The ' d w e l l - t i m e '  o f  the  m u l t i s c a l c r  was s o t  a t  l s  and counts were
c o l l e c t e d  o v e r  a t o t a l  t ime  i n t e r v a l  o f  2000s c o r r e s p o n d in g  t o  about
f o u r  1,3 Ca h a l f l i f c s .  Tlius the  d a ta  c o n s i s t e d  o f  2000 numbers each 
c o r r e s p o n d in g  t o  the  number o f  ph o tons  d e t e c t e d  in  a l s  i n t e r v a l .  The 
t ime taken by the  m u l t i s c a l c r  t o  inc rem ent  from one d w o i1 - t im e  to  the 
n e x t  was o f  the o r d e r  o f  n s ,
The LAUiiN system d e s c r i b e d  above  has boon in  r o u t i n e  use f o r  s e v e r a l
y e a r s  and i s  known no t  to  s u f f e r  fr om equipment  s h i f t s .
The r a d i o n u c l i d e  ‘*<JCa was chosen because i t s  h a l f - i i f c  i s  s u i t a b l e  
f o r  c o l l e c t i n g  d a ta  o v e r  a p e r i o d  o f  s e v e r a l  h a l f - . l i f c s  in c o n v e n i e n t  
c o u n t in g  p e r i o d s .  T h i s  may be ({one f o r  the  range  o f  d w e l l - t i m e s  a v a i l a b l e  
on the m u l t i s c a l c r
w h i l e  o b t a i n i n g  a n ' e x p e c t a t i o n  v a lu e  in  th e  number o f  d e t e c t e d  photons  
p e r  d w c l l - t i m c  which  ensures  the  i n t r o d u c t i o n  o f  no,  o r  a t  any r a t e ,  
n o n - a p p r e c i a b l e  d e ad - t im e ; ,  t h i s  i s  d i s c u s s e d  in  the  n e x t  s e c t i o n .  The 
c h o i c e  o f  the  h i g h e r  y - r a y  e n e r g y ,  4 .069 MeV, e n su re s  -that  t h e r e  i s  no 
i n t e r f e r e n c e  o r  c o n t r i b u t i o n  fr om o t h e r  s o u rc e s  and t h a t  th e  background 
i s  kep t  a t  a minimum,
DEAD-TIME CONSIDERATIONS
In  g e n e r a l ,  i f  a sequence  o f  r a d i a t i o n  p u l s e s  passes  th rough  
a d e v i c e  wh ich  i n s e r t s  a d c ad - t i in e  then t h i s  w i l l  d i r e c t l y  a f f e c t  the  
s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e  o b s e r v e d  e v e n t s .  T h i s  p rob lem  i n  the  
t h e o r y  o f  c o u n t in g  has been examined  by L I  S c h i f f 11* and
W E e l l e i  15 and more r e c e n t l y  by J W M u l l e r 16
I f  th e  o r i g i n a l  p r o c e s s  i s  p u r e l y  P o i s s o n  w i th  count r a t e  p ,  then 
the p r o b a b i l i t y  o f  d e t e c t i n g  n e v e n t s  d u r in g  a f i x e d  t ime  i n t e r v a l  t  
i s  g i v e n  by 10 •
f 4- # 11 “ P tP (t) = I pI ) .  . ° .M..
n!
I
For  an e q u i l i b r i u m  p r o c e s s ,  one w i th  a random c h o i c e  o f  the  t ime 
o r i g i n ,  and f o r  a d e v i c e  i n s e r t i n g  a d e a d - t im e  t o f  the n on -cx t cn d ed  
(non p a r a l y s a b l c )  t y p e 17 , the  p r o b a b i l i t y  o f  the d i s t o r t e d
d i s t r i b u t i o n  i s  g i v e n  b y 16' 17
UCT.)  -
0  f o r  j  >  K
1 for j  ^K K i s  the l a r g e s t  i n t e g e r  
s m a l l e r  than. —
X
Io
f o r  n ^ K - l
( K + l ) ( 1 + p t ) - p  t
p t - K ( l  +  p x )
f o r  n = K
f o r  n = K+l
In o r d e r  t o  a s s e s s  t h e  d i s t o r t i o n  imposed by d e a d - t im e  on a
P o i s so n  p r o c e s s  c q . ( l )  was implemented i n  a F o r t r a n  program d e v e l o p e d  
on a Data G en era l  Nova  2 m in ico m p u te r .  The chosen v a l u e  o f  x was Sys 
c o r r e s p o n d in g  to  th e  d e a d - t im e  p e r  d e t e c t e d  e v e n t  o f  the p r e v i o u s l y  
d e s c r i b e d  LABLiN m u l t i  s c a l i n g  sys tem; the count r a t e  was v a r i e d  o v e r  
s e v e r a l  o r d e r s  o f  m agn i tude .
I l l u s t r a t i v e  r e s u l t s -  a r e  p l o t t e d  in  F i g  1. The computa t ions  
have shown t h a t  f o r  count  r a t e s  o f  10~ 1 - l O ^ ” 1 t h e r e  i s  v i r t u a l l y  
no d i s t o r t i o n  o f  the  c o u n t in g  p r o c e s s  when the  d e a d - t im e  i s  5 y s ,  .The 
p l o t t e d  p r e d i c t i o n s  f o r  the  10 *s 1 count r a t e  d i f f e r  from the  pure  
P o i s s o n  ones by no t  more than 1 p a r t  i n  1 0 5 whereas s i g n i f i c a n t  d i f f e r ­
ences occu r  f o r  the  10 coun t  r a t e .
To the' a u t h o r s '  knowledge  no one has d e r i v e d  an e x p r e s s i o n  
a na lo gous  t o  c q . ( l ) , f o r  th e  case  when the o r i g i n a l  p r o c e s s  i s  though t  
t o  be bes t  d e s c r i b e d  by th e  Ruark-Dcvo l  s t a t i s t i c a l  d e n s i t y  fu nc t ion?
r a t e s  and d e a d - t im e s  which  p roduce  no a p p r e c i a b l e  d i f f e r e n c e s  be tween 
P ( t )  and IV ( t ) ,  t h e r e  i s  no d i s t o r t i o n  o f  the Ruark-Dcvo l  s t a t i s t i c a l  
d e n s i t y  f u n c t i o n .
Prom knowledge  o f  the  therma l  neutron  ca p tu re  c r o s s - s e c t i o n  o f
G e ( L i )  d e t e c t o r  f o r  th e  4 .069 MeV y - r a y  under th e  f i x e d  g eo m e t r y ,  the  
mass o f  CaGO^ needed t o  g i v e  a p p r o p r i a t e  count r a t e s ,  in the  above  s ense ,  
was c a l c u l a t e d .
For the  purposes  o f  t h i s  work ,  i t  was assumed th a t  f o r  count
,t8Ca, the  therma l  neu t ron  f l u x  and the  photopeak  e f f i c i e n c y  o f  the
PlIOTOPiiAK BPFlCII iNGY.
The pho topcak  e f f i c i e n c y  f o r  th e  f i x e d  g eom e t ry  used ,  t h a t  i s ,  
the number o f  c oun ts  i n  th e  pho topeak  d i v i d e d  by th e  t o t a l  number o f  
photons  e m i t t e d  in  a l l  space ,  was c a l c u l a t e d  by u s in g  .the e x p r e s s i o n 10
ph o topeak  e f f i c i e n c y  = A (i3b + C e y )
where A = 9 .259 ,  B = - 1 . 0 6 9 ,  C = 0.002204, D = -0 .003942 and liy = 4069 
c o r r e s p o n d in g  to  th e  e n e r g y  o f  t h e  48Ca y - r a y  i n  KeV. A ,B ,C  and D 
a rc  f i t t i n g  p a ram e te rs  d e r i v e d  fr om a curve  o f  pho topcak  e f f i c i e n c y  
a g a i n s t  y - r a y  e n e r g y  o b t a i n e d  f rom  c o u n t in g  s tanda rd  source s  under  the  
same g eom e t r y .
'lliliORY
With N the number o f  atoms a t  t im e  t= 0 , the  b in o m ia l  c o e f f i c i e n t
X t
and p = e , what f o l l o w s  i s  a summary o f  r e s u l t s  f o r  the P o i s s o n  and 
Ruark -Devo l  s t a t i s t i c a l  d e n s i t y  f u n c t i o n s 7? 15 N o te  t h a t
the  r a d i o a c t i v e  d e ca y  law i s  used f o r  the decay  o f  N from t=0  t o  the  
b e g in n in g  o f  the  o b s e r v a t i o n  i n t e r v a l  in  both c a s e s .
P o i s so n
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For  the Ku ark -Uevo l  s t a t i s t i c a l  d e n s i t y  f u n c t i o n ,  th e  p r o b a b i l i t y  
th a t  i i j  p a r t i c l e s  (meaning  p a r t i c l e s  o r  ph o to n s )  a r c  e m i t t e d  i n  the
f i r s t  t im e  i n t e r v a l : ( 0 , t ) , n^ i n  the second ( t ,  2 t ) , nr. in
th
( ( r - l ) t ,  r t ) , n in  the  m (and l a s t )  i n t e r v a l  ( ( m - l ) t ,  mt) i s
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The s t a t i s t i c a l  d e n s i t y  f u n c t i o n  d e s c r i b i n g  the d e t e c t i o n  p r o c e s s  mu.*
take  i n t o  account  no t  o n l y  the  f r a c t i o n a l  abundance o f  the  e m i t t e d  p a r t i c l e
but a l s o  the  d e t e c t i o n  e f f i c i e n c y  f o r  a g i v e n  p a r t i c l e  en e rg y  under
a f i x e d  g eom etry  11,‘» 23
I f  P^ i s  the p r o b a b i l i t y  o f  an e m i t t e d  p a r t i c l e  b e in g  d e t e c t e d ,  then,
th
the p r o b a b i l i t y  o f  - n ^ , . , . . , n  b e in g  e m i t t e d  i n  the  l s t , . . . . , m  i n t e r v a l s  
and s ^ , . . . . , s  b e in g  d e t e c t e d  r e s p e c t i v e l y  i s
n n . n
N: " o°
n ' n . 
o 1
n
m
*i nr si
pd u - p4 )
m
m
• s
m
»d a - p d>
n - s  
m m  ( 5 )
Hence the  p r o b a b i l i t y  o f  p a r t i c l e s  b e ing  d e t e c t e d  in  the
. Lli . ' . . .
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where s ** Y, s , the t o t a l  number of detected  p a r t i c l e s  
r = l
(7)
W ith  n . — n . - s , n  — n —s and n ' 
1 I I  m m t m
becomes ; •
= n -s  the above exp res s ion
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where P = p^ p , the p r o b a b i l i t y  o f  a p a r t i c l e  being emitted and detected  
in  the i n t e r v a l .
By us ing  the multinomial  theorem the above e xp re s s ion  reduces to.
s s
N '. P . 1  P m L_________m
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whore P = 1 - 1  P / and s = N-s feno , r o w/
r= I
PQ is  the p r o b a b i l i t y  of  a l l  other events  occuring apart  from those  
observed .  .
S im i la r ly  f o r  the Po isson  s t a t i s t i c a l  dens i ty  funct ion ,  the p r o b a b i l i i
that n. p a r t i c l e s  are emitted in the f i r s t  i n t e r v a l  ( o , t ) ,  n in the second
2
( t ,  2 t ) , . . . . ,  n in ( ( r - l ) t ,  r t ) , . . . .  and n in  the i n t e r v a l  is r * m
n -NAt _ n -Ne ^ A t  - ( n r - l ) A t  n -Ne” ^m-1^AtAt
(NAt)  c (No At) e . . . . ( N e  At) m e
n ,. n „ .  n J
1 a m
Proceeding in  the same way as f o r  the Ruark-Devol d e r i v a t io n ,  the p r o b a b i l i t  
of- s p  • • • *•» sm p a r t i c l e s  be ing  detected  in the 1 s t , . . . . ,  i n t e r v a l s
re sp e c t i v e ly  is
s s S '
N 1 P  °  P  p  m
«  ‘  o  1 ---------------------m  ( 1 0 )
s i s . . 1 . . . . s ' ,  o 1 m
i «  - ( r - 1 )At . - ( r - 1 )  ,
where * r  ” Pd G At = p At (11)
and the constant of p r o p o r t i o n a l i t y  i s  independent of s ^ , . . , . , s
m
ANALYSIS OP DATA
A computer program was w r i t t en  f o r  process ing  the exper imenta l  data
as f o l l o w s :  The numbers denoting the detected photons in consecutive
i s  time in t e r v a l s  could  be grouped together  in any des i red  group s i z e .
E f f e c t i v e l y  this meant that  the number of counts in any chosen i n t e r v a l
of time t could be computed. Three se ts  of exper imenta l  data were obtained
and they were used to examine s e v e r a l  va lues  o f  At.
Since e q . ( 8 )  and c q . ( l l )  g iv in g  the Ruark-Devol and Po isson p r o b a b i l i t
th
r e s p e c t i v e ly ,  f o r  s , , . . ‘. . , s  p a r t i c l e s  be ing detected in  the l s t , . . . . , m
I m
i n t e r v a l s  are in multinomial  form, i t  f o l l ow s  3>19 that
< V NV 2 , 2
n “  has a x “ d i s t r i b u t i o n  (12)
NP
r
Note that f o r  r -  0, NP^ . i s  the expectat ion  value o f  the number o f
f* U
detected  photons in  the r  i n t e r v a l .
The above e x p re s s io n 1 was eva lua ted  both f o r  the Ruark-Devol and the 
Poisson s t a t i s t i c a l  dens i ty  fu n c t io n s ,  f o r  d i f f e r e n t  values  o f  the i n t e r v a l  
durat ion  t .  Since f o r  a g iven set o f  exper imenta l  data the number o f  Is  
i n t e r v a l s  i s  constant ,  grouping w ith  a group s i z e  t corresponds to a unique 
va lue  of m, the number o f  degrees  of freedom 3» 19
The number of  atoms N present  at time t=0 was der ived  by us ing  the 
r ad ioac t iv e  decay law, which i s  cons is ten t  w ith  both the Ruark-Devol and 
the Po isson s t a t i s t i c a l  dens i ty  func t io ns ,  as f o l l o w s .  The t o t a l  number
of counts in the t o t a l  counting time t i s
t t Cc c
. -A tdt A p . e 
o *u
dt A N pd e “ Xt . ( 1 3 )
where Aq i s  the a c t i v i t y  at t~0. Eq . (13 )  g ives
/i “ At \ ( 1 - e  c ) p d
(14)
RESULTS AND DISCUSSION
The a p p l i c a b i l i t y  o f  the Po isson and Ruark-Devol s t a t i s t i c a l  dens i ty  
funct ions  in r a d ioa c t iv e  decay counting was s t a t i s t i c a l l y  in v e s t i g a t e d  f o r  
a range of va lues  of XL; th is  has confirmed t h e o r e t i c a l  p r e d i c t i o n s .
In f i g u r e  2 ,  the agreement between the Ruark-Devol and Po isson  
s t a t i s t i c a l  density  funct ions  in the case where XL << 1 i s  demonstrated  
i s  expecLed; Lhc se lccLcd  va lue  o f  XL was 0.066. However in F igure  3, where 
Xt <> 1, Lhc d i sp a r iL y  between the two funct ions i s  evident and the Po isson  
one is  s t a t i s t i c a l l y  r e j e c t e d ,  although XL i s  s L i l l  a pp rec iab ly  sm a l le r  Lhan 
unity  (equa l  to 0 .266 ) .
In l ab lc  2 the .expectation va lues  are compared to the observed data  
under two condit ions  corresponding  to increased  va lues  of \ t  ( e qua l  to 
0.525 and 0 .874 )*  In both cases  i t  can be seen that the percentage  e r ro r s  
a sso c i a ted  with the Po isson  s t a t i s t i c a l  densi ty  funct ion  are  cons ide rab ly  
worse than those of the Ruark-Devol and that the former does not adequately  
d esc r ibe  the counting p roce s s .
In Table 3 the X2 va lues  are'  p resented  f o r  a range of time i n t e r v a l s  
from 1 0 ' s to 103 s ,  where in  each case the number of degrees of freedom i s  
equa l  to the number o f  time i n t e r v a l s .  Va lues of y2 lower than those
corresponding to a cumulative  p r o b a b i l i t y ,  F, equaL to 0.025 or h igher  
than those at F = 0.975, were r e j e c t e d  w ith  95% con f idence21 
On th is  ba s i s  the Po isson  s t a t i s t i c a l  densi ty  funct ion  i s  i n v a l i d  f o r  
At >j 0.131 whereas the Ruark-Devol one, adequately des c r ib e s  the p roce ss .
We conclude,  w ith  con f idence ,  that the Poisson s t a t i s t i c a l  dens i ty  
funct ion  is inadequate when At 1 . and recommend that the Ruark-Devol  
funct ion  be used in s tead ;  in  the l im i t  of At << 1 both funct ions  are  
e q u a l ly  v a l i d .
• Our i n t e r e s t  in th is  work o r i g i n a t e s  from d i scu s s io ns  on the 
’ v a l i d i t y  of the Poisson s t a t i s t i c a l  densi ty  funct ion  in  d e s c r ib in g  the 
counting o f  s h o r t - l i v e d  i so topes  in  c y c l i c  a c t i v a t i o n  a na ly s i s  and in  
nuc lear  medicine where t h e i r  use has increased  in  recent  y ea r s ,  however 
the im p l ic a t ion s  a r i s i n g  from our conclusion are of  importance in a l l  
measurements of s h o r t - l i v e d  ra d ion u c l id e s .
-  13 -
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Comparison between the experimenta l  data  and the Ruark-Devol and Pois  
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Figure  1, Comparison between pure Po isson and Po isson  dead-time  
d i s t o r t e d  s t a t i s t i c a l  dens i ty  funct ions .
F igure  2. At << 1: Comparison between the Ruark-Devol and Po isson  
s t a t i s t i c a l  d ens i ty  func t ions .
F igure  3. At < 1 :  Comparison between. Ruark-Devol and Poisson  
s t a t i s t i c a l  dens i ty  func t io ns .
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